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 Summary 
The carbonate stringers of the Ediacaran-Early Cambrian Ara Group in the South Oman Salt 
Basin (SOSB) represent a unique intra-salt petroleum system, which has been successfully 
explored in recent years. However, some of the stringers failed to produce at significant rates 
due to their complex diagenetic history. Objective of this thesis was therefore to obtain a better 
understanding of the spatial and temporal distribution patterns of diagenesis and its effect on 
the reservoir properties within selected carbonate stringers from the late Neoproterozoic A2C 
interval. Mineralogy, rock fabrics, paragenetic relationships and geochemistry of ~ 400 
samples from several petroleum wells were analyzed and combined with pre-existing data 
provided by Petroleum Development Oman (PDO). An integration of the paragenetic sequence 
derived from thin-section analysis with results from finite element and discrete element models 
further helps to constrain the effect of salt tectonics on fracture formation and fluid evolution 
within the stringers. The results of this study comprise crucial information for better prediction 
of reservoir quality in the analyzed fields, planning of new exploration wells and better 
volumetric calculations. 
The integration of thin section analyses with methods such as cathodoluminescence 
microscopy, isotope and XRD analyses provided a solid basis for the understanding of 
diagenetic processes in the A2C stringer interval of the SOSB and their implications for the 
reservoir properties of the stringer play. The observed relationships suggest a close link 
between carbonate facies and diagenetic products. Together with structural controls these 
define reservoir quality in the Ara stringer play and it underlines the importance of such an 
integrated approach for future exploration and production strategies. 
Petrographic relationships indicate that the grade of cementation from the near-surface and 
intermediate to the deep burial realm has a large impact on reservoir properties within the 
studied stringer interval. Anhydrite, reservoir bitumen and dolomite are the most abundant pore 
filling cement phases. Minor phases include calcite and quartz. Dolomite, anhydrite and halite 
are diagenetic cement phases interpreted to be of reflux origin, whereas facies distribution 
seems to be an important factor controlling the distribution of the reflux cements. Overall 
Grain-/Packstone and Boundstones show the highest reflux cementation. Pressure and 
temperature reduction during a ‘deflation’ event at the end of salt tectonic times seems to be 
the most likely process leading to formation of reservoir bitumen, whereas ongoing bitumen 
formation during uplift phases during the further burial history of the stringer can not be 
excluded. Predictable distribution trends are difficult to identify for most of the diagenetic 
phases. However, some statistically meaningful trends of porosity/permeability and diagenetic 
phases were observed. 
Another key result is that dolomite crystal size and sorting of the precursor limestones are 
further important parameters controlling the porosity/permeability relationship within the study 
area. Dolomites with large crystal sizes (> 30 μm) typically show the highest permeability for a 
given interparticle porosity. Dolomite crystal-size distributions could be shown to be facies 
dependent. Grain-/Packstones and Boundstones comprise the largest, Packstones to 
Mudstones contain smaller crystal sizes. Furthermore the study has shown that flowzones are 
often characterised by an increased vuggy porosity, whereas interparticle porosity is of 
secondary importance. 
 Calcite-dominated intervals are often characterised by an almost complete loss of interparticle 
porosity and permeability. Previously the calcite-dominated intervals were interpreted to be 
limestones that were not replaced during reflux dolomitisation due to the wedging out of the 
dolomitising flow and/or their low permeability. However, by a combination of 
cathodoluminesence and geochemical analyses it could be demonstrated in this study that 
replacement of dolomite by calcite took place in the intermediate and deep burial realm 
(especially in Field E). Anhydrite and dolomite dissolved through pressure solution along the 
stylolites most likely provided the necessary ions for the replacement of dolomite by calcite and 
additional calcite cementation. 
Different generations of stylolites were observed within the stringer interval, either formed by 
the weight of the overburden or by bending stresses during stringer deformation. The Finite 
Element Models (FEM’s) indicate that stylolite growth started already prior or in initial stages of 
salt tectonics and most likely continued until recent times. A clear inverse relationship between 
facies-dependent crystal size and stylolite density is indicated where small crystal sizes seem 
to promote the process of pressure solution.  
Furthermore, different types of fractures (extension as well as shear joints) in different 
structural positions were mapped within the study area. Wells located within the bulge anticline 
of Field G show generally higher fracture densities than wells located in the more smoothly 
folded Field E. Reservoir bitumen is the most common fracture fill within the study area 
followed by anhydrite and minor by halite/calcite, whereas dolomite is a negligible cement 
phase. 
Another key result of this study is that breakouts and drilling induced/enhanced fractures 
mapped within the stringer might indicate a present-day, non isotropic in-situ stress field which 
shows a distribution pattern that is consistent with a radial orientation around the central 
minibasin, even if salt tectonics already ended in early Ordovician times (~ 498 Ma). The 
vertical distribution of these features as well as the FEM might indicate a present-day most 
likely non-isotropic in-situ stress field which might be caused by a small-scale gravitational 
sinking of the stringers with a total vertical displacement of up to ~ 100 m (0.2 m/Ma). 
 Zusammenfassung 
Die Karbonat-Stringer der Ara-Gruppe aus dem Ediacarium/unteren Kambrium im Südoman 
Salzbecken bilden ein wohl einzigartiges, intra Salz Petroleum System, aus dem in der 
Vergangenheit erfolgreich Kohlenwasserstoffe gefördert werden konnten. Jedoch wurden in 
der jüngsten Vergangenheit auch vereinzelt Stringer angebohrt, welche keine wirtschaftlich 
interessanten Fördermengen erzielten, was wohl vor allem auf die doch sehr komplexe 
diagenetische Vergangenheit der Stringer zurückzuführen ist. Ziel dieser Arbeit ist es daher die 
komplexe Diagenese, deren zeitlichen Ablauf und räumlichen Verteilungsmuster sowie den 
Einfluß auf die Reservoir Eigenschaften innerhalb ausgewählter Karbonat-Stringer aus dem 
neoproterozoischen A2C-Intervall zu verstehen. Im Zuge der Arbeit wurde die Mineralogie, das 
Gefüge des Gesteins, die paragenetischen Zusammenhänge und die Geochemie auf einer 
Basis von ungefähr 400 Proben aus unterschiedlichen Kohlenwasserstoff-Bohrungen 
analysiert und mit schon vorhandenen, von Petroleum Development Oman (PDO) zur 
Verfügung gestellten Daten interpretiert. Bei der Interpretation der auf Dünnschliff-
Beobachtungen beruhenden Paragnetischen Sequenz wurden zusätzlich auch die Ergebnisse 
der Finiten bzw. Diskreten Element Modellierung (FEM, DEM) berücksichtigt, welche zu einem 
besseren Verständnis des Stringer-Bruchverhaltens während der Salztektonik und des daraus 
resultierenden Fluidflusses beitrugen. Die Ergebnisse der Dünnschliffanalyse kombiniert mit 
den Ergebnissen aus Kathodoluminesenz-, Isotopie- and XRD-Analysen bilden eine solide 
Basis für ein besseres Verständnis der diagenetischen Prozesse innerhalb des A2C-Stringer 
Intervalls im Südoman Salzbeckens und deren Einfluß auf die Reservoireigenschaften. 
Insgesamt enthalten die Erkenntnisse dieser Studie daher wertvolle Informationen für die 
Vorhersage der Reservoireigenschaften innerhalb der untersuchten Felder, für die Planung 
neuer Explorationsbohrungen und für bessere volumetrische Berechnungen.  Der innerhalb 
des untersuchten A2C-Stringers beobachtete starke Zusammenhang zwischen Diagenese, 
Fazies, Strukturgeologie und Reservoireigenschaften verdeutlicht zudem die Notwendigkeit 
eines integrierten Ansatzes mit Hinblick auf zukünftige Explorations- und 
Produktionsstrategien. 
Basierend auf den petrographischen Analysen dieser Studie konnte nachgewiesen werden, 
dass die Reservoireigenschaften innerhalb des Stringers vor allem durch den Grad der 
Zementation bestimmt werden, wobei die Zementierung vermutlich schon während der 
oberflächennahen Diagenese begann, sich im intermediären Milieu fortsetzte und auch bis 
heute im tiefen Versenkungsmilieu anhält. Als Hauptzementphasen wurden Anhydrit, 
Reservoir Bitumen, Halit und Dolomit erkannt, wohingegen Calcit und Quarz nur lokal von 
Interesse sind. Dolomit-, Anhydrit- und Halitzemente wurden als Produkte eines frühen 
„Reflux“-Prozesses interpretiert, weshalb vor allem die Faziesverteilung innerhalb des 
Stringers den Zementationsgrad dieser diagenetischen Phasen bestimmt. Insgesamt zeigen 
Grain-/Packstones sowie Boundstones den höchsten Anteil an „Reflux“-Zementen. Reservoir 
Bitumen hingegen wurde als Produkt eines starken Druck- und Temperaturabfalls während 
eines s.g. „Deflation“-Events am Ende der Salztektonik interpretiert, wobei eine spätere 
Bildung in darauffolgenden Hebungsphasen nicht ausgeschlossen werden kann. Obwohl die 
meisten diagenetischen Phasen nur selten klar erkennbare räumliche Verteilungstrends 
zeigen, konnten dennoch einige statistisch relevante Trends für Porosität/Permeabilität und 
diagenetischer Phasen herausgearbeitet werden. 
 Ein weiteres Kernergebnis dieser Studie ist das Erkennen des Einflusses der 
Dolomitkristallgröße bzw. Sortierung des ursprünglichen Kalksteingefüges auf die Porosität 
und Permeabilität, wobei Dolomit mit Kristallgrößen größer als 30 µm generell die höchsten 
Permeabilitäten für eine gegebene Interpartikel-Porosität zeigen. Zudem zeigte sich ein klarer 
Zusammenhang zwischen Dolomitkristallgröße und Fazies, wobei an Grain-/Packstones und 
Boundstones insgesamt höhere Kristallgrößen gemessen wurden als an Pack- und 
Mudstones. Des weiteren konnte nachgewiesen werden, dass „Flowzones“ oft auch durch 
einen erhöhten Anteil an „vuggy“-Porosität gekennzeichnet sind, wohingegen Interpartikel-
Porosität im Arbeitsgebiet anscheinend nur untergeordnet von Bedeutung ist. 
Calcit-dominierte Intervalle zeichnen sich oft durch einen nahezu kompletten Verlust an 
Interpartikel-Porosität bzw. Permeabilität aus. In vorangegangen Studien wurde sie meist als 
nicht vollständig dolomitisierte Kalksteine interpretiert, welche aufgrund eines lateral 
auslaufenden dolomitisierenden Fluidflusses und/oder ihrer geringen Permeabilität nicht 
vollständig dolomitisiert wurden. Im Zuge dieser Studie konnte allerdings durch Kathodo-
lumineszenz und geochemische Analysen gezeigt werden, dass das Ersetzen von Dolomit 
durch Calcit vor allem im intermediären bis tiefen Versenkungsmilieu stattgefunden haben 
muss (v.a. in Feld E). Drucklösung von Anhydrit und Dolomit entlang von Styolithen wurde als 
ein möglicher Prozess interpretiert, der zu einem Überschuß von Ca2+-Ionen und somit zur 
Calciifizierung bzw. zusätzlichen Calcit-Zementation im Untergrund geführt haben mag. 
Aufbauend auf dieses Ergebnis wurden im weiteren Verlauf der Studie auf der Basis der 
Kernbeschreibungen und interpretierten BHI’s unterschiedliche Stylolithgenerationen erkannt, 
wobei das Gewicht der überlagernden Gesteine sowie tektonische Spannungen während der 
Faltung des Stringers als treibende Kräfte des Stylolithwachstums interpretiert wurden. Die im 
Zuge der Studie berechneten FEM’s deuten darauf hin, dass das Stylolithwachstum bereits vor 
oder in frühen Phasen der Salztektonik einsetzte und sich höchstwahrscheinlich bis in die 
heutige Zeit fortsetzt. Außerdem konnte ein klarer inverser Zusammenhang zwischen 
Dolomitkristallgröße, die wie zuvor erwähnt über die Fazies kontrolliert wird, und der Häufigkeit 
von Stylolithen nachgewiesen werden, wobei kleinere Kristallgrößen anscheinend anfälliger 
gegenüber Drucklösung zu sein scheinen. 
Neben den unterschiedlichen Stylolithgenerationen wurden innerhalb des untersuchten 
Stringers auch Klüfte unterschiedlichen Typs (sowohl Extension als auch Scherbrüche) in 
unterschiedlichen strukturellen Positionen kartiert. Bohrungen innerhalb der „Bulge Anticline“ 
im Feld G zeigen generell höhere Klufthäufigkeiten verglichen mit den Bohrungen aus dem 
weniger verfalteten Feld E. Reservoir Bitumen ist insgesamt die am häufigsten vorkommende 
Füllung in Klüften, gefolgt von Anhydrit und schließlich von Halit bzw. Calcit, wohingegen 
Dolomit als Zementphase in Klüften nahezu vernachlässigt werden kann. 
Ein weiteres wichtiges Ergebnis dieser Studie ist, dass „Breakouts“ und „drilling-
induced/enhanced fractures“ innerhalb des untersuchten Karbonatstringer-Intervalls auskartiert 
werden konnten, was auf ein heutzutage möglicherweise nicht-isotropes Spannungsfeld 
hindeutet, dessen Verteilungsmuster konstistent mit einer radialförmigen Verteilung mit 
Ursprung im Zentrum des siliziklastischen Minibeckens ist, was schon ein wenig verwunderlich 
ist da die Salztektonik im Arbeitsgebiet bereits im unteren Ordoviziums (~ 498 Ma) endete. 
Sowohl das vertikale Verteilungssmuster der „Breakouts“ und „drilling-induced/enhanced 
fractures“ als auch die Finite Element Modelle (FEM’s) geben Hinweise auf ein mögliches, 
 kleinmaßstäbliches Absinken der Stringer (max. 100 m mit einer Geschwindigkeit von ~ 0.2 
m/Ma) nach Ende der Salztektonik, welches möglicherweise ein rezentes, nicht-isotropen in-
situ Spannungsfeldes verursachen könnte. 
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Chapter 1: Introduction 
 
 
1.1 Introduction 
Large rock inclusions totally encased in salt bodies (so-called ‘rafts’, ‘floaters’ or ‘stringers’) 
comprise worldwide hydrocarbon reservoirs of economic interest which have been successfully 
explored in recent years. However, those exploration targets often represent a major challenge 
in hydrocarbon exploration due to salt tectonic-related deformation/fragmentation or 
overpressured fluids (Williamson et al., 1997; Koyi, 2001; Al-Siyabi, 2005; Schoenherr et al., 
2007; Schoenherr et al., 2008, Kukla et al., 2011, Li et al., 2012). The internal deformation 
mechanism in salt diapirs and associated stringer deformation were therefore subject of many 
studies (Talbot & Jackson, 1987, 1989; Callot et al., 2006; Gansser, 1992; Talbot & Weinberg, 
1992; Gansser, 1993; Weinberg, 1993; Koyi, 2001; Chemia et al., 2008). The geometries of 
those rock bodies were either studied in surface piercing salt domes (Kent, 1979; Reuning et 
al., 2009), in salt mining galleries (Richter-Bernburg, 1980; Talbot & Jackson, 1987; Geluk, 
1995; Behlau & Mingerzahn, 2001) or on seismic data (van Gent et al., 2009; Strozyk et al., 
2012). Although many studies deal on salt tectonic and stringer deformation, diagenesis as a 
further drilling risk was often neglected. But understanding the diagenetic evolution within 
those stringers is of importance to understand the distribution of reservoir properties and also 
pressures within those hydrocarbon plays and hence to reduce the risk of non-producing wells. 
However, only a few studies deal with diagenesis within intra-salt stringers (Clark, 1995; 
Seaborne, 1996; Schröder et al., 2004; Al-Siyabi, 2005; Milroy & Burton, 2005; Ruf, 2006; 
Schoenherr et al., 2008, Reuning et al., 2009). Diagenetic studies on stringers are mainly 
known from Zechstein stringers in the northern Netherlands (Clark, 1995), from a Jurassic 
intra-salt clastic reservoir from the Shabwa Basin in Yemen (Seaborne, 1996) and from the 
Late Neoproterozoic to early Cambrian Salt Basins of the Interior Oman (Reuning et al., 2009) 
and South Oman Salt Basin (Schröder et al., 2004; Schoenherr et al., 2008). However, the 
diagenetic studies of the South Oman Salt Basin (SOSB) deal on different stringer intervals 
and never considering the results of neighbouring wells. However, all intra-salt stringers of the 
SOSB underwent a complex diagenetic history ranging from “near-surface” and “intermediate 
burial” to “deep burial” diagenesis. For the surface-piercing stringers of the Ghaba Salt Basin in 
Oman even an uplift-related diagenesis was reported (Reuning et al., 2009).  
Near-surface diagenesis characterised by (early) marine and meteoric diagenesis that ends 
when the stringers are sealed by a ~ 30 m rock salt - layer and no external surface brines can 
infiltrate into the stringer (Casas & Lowenstein, 1989; Schoenherr et al., 2009). Meteoric 
diagenesis, also called freshwater diagenesis, takes place where sediments rise above sea 
level and was intensively studied on exposed Pleistocene limestones (e.g. Bermudas or 
Bermudas; Land, 1986; Vollbrecht 1990). Dissolution of unstable carbonate minerals (i.e. 
Aragonite and high-Mg calcite) forming secondary porosity, reprecipitation of more stable 
carbonates (low-Mg calcite), precipitation of meniscus & micro-stalactitic cements within 
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vadose enviroments and isopachous & blocky cements within phreatic enviroments are typical 
patterns described for meteoric diagenesis (James & Choquette, 1984; Scholle & Scholle, 
2003 or Flügel, 2004). Marine diagenesis takes place synsedimentary in the marine realm. 
Borings, micritic envelopes or isopachous crusts of fibrous to bladed cements are the most 
common products of (early) marine diagenesis (Scholle & Scholle, 2003 or Flügel, 2004). 
Near-surface diagenesis is further strongly dominated by reflux of hypersaline fluids. Reflux of 
Mg2+-rich brines is one of the favoured model to explain dolomitisation in evaporate associated 
carbonate platforms (Adam & Rhodes, 1960; Kendall 1988; Saller & Henderson, 1998). 
Dolomitisation leads first to replacement of the precursor limestone by dolomite followed by 
precipitation of dolomite cements (Machel, 2004). The study of Saller & Henderson (1994) has 
shown that dolomite cementation increases proximal to the brine source. Recent 
improvements in reactive transport modelling contribute existing models of reflux-related 
dolomitisation (Jones & Xiao, 2005). Ongoing evaporation of the (restricted) seawater leads to 
increasing salinities of the seawater and refluxing brines and hence to precipitation of 
evaporitic minerals such as gypsum, anhydrite or halite on the top of the carbonate deposits or 
within the remaining open porosity (e.g. Kendall, 2000) as well as to replacement within the 
sediments. In contrast to other carbonate reservoirs the stringers become sealed after 
deposition of a 30 m thick layer of rock salt on the top of the carbonate body. This change from 
a diagenetic open to a diagenetic closed system defines the end of near-surface diagenesis 
(Casas & Lowenstein, 1989). Due to early sealing of the stringer plays, different diagenetic 
evolutions between ‘diagenetic closed’ stringer and other ‘diagenetic open’ carbonate 
reservoirs can be expected. Burial-related stylolites are often reported as the first diagenetic 
product of intermediate burial diagenesis (e.g. Machel, 1999), even if the depth for the onset of 
stylolite formation is discussed controversly. Some authors favour tens of metres (Bathurst, 
1975; Meyers & Hill, 1983; Flügel, 2004; Crooize et al., 2009), whereas most authors argue for 
a typical burial-depth window of around 500-1000 m (Dunnington, 1967; Sellier, 1979; Lind, 
1993). Next to burial-related stylolites also tectonically induced stylolites can be expected as a 
further diagenetic product (Breesch et al., 2007). However, both types of pressure solution 
reduce pore volume and add ions into the pore water which might lead to additional pore-filling 
cementation (Fabricius, 2007). The deep burial realm generally denotes the broad field of 
diagenetic alterations beginning with hydrocarbon presence (Machel, 1999) leading next to 
processes like compaction and reduction of pore volumes (Plumley, 1980), expulsion of pore 
fluids in consequence of rapidly increasing overburden or mineral transformations, i.e. de-
watering of gypsum to anhydrite at burial temperatures > 60 °C to increased pore pressures 
(Hardie, 1967; Kukla et al., 2011). Formation of reservoir bitumen, calcification and re-
precipitation of halite-cement are described products of the deep burial diagenesis in stringers 
(e.g. Clark, 1980; Schröder et al., 2004; Schoenherr et al., 2008, 2009). Uplift-related near-
surface diagenesis was also studied on stringers of the Ghaba Salt Basin which crop out in 
surface-piercing salt domes. Those strongly brecciated and folded stringers are characterized 
by anhydrite dissolution and dedolomitisation in the meteoric realm (Reuning et al., 2009). 
Several studies deal with different aspects of the hydrocarbon system of the SOSB, such as 
stratigraphy & depositional models (Mattes and Conway-Morris, 1990; Schröder et al., 2003, 
2004 and 2005), age of the stringer (Amthor et al., 2003; Bowring et al., 2007), isotope 
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measurements (Fike & Grotzinger, 2008 and 2010), origin of petroleum (Grosjean et al., 2009), 
maturity of solid bitumen (Schoenherr et al., 2009), halite cementation (Schoenherr et al., 
2007b), salt tectonic & stringer deformation (Al-Barwani & McClay, 2008; Li et al., 2012), 
pressure distributions (Kukla et al., 2011) or burial history of the basin (Visser, 1991; Terken et 
al., 2001).  
However, a conceptual model for the diagenetic development of the stringer play in the SOSB 
is still lacking. The aim of this thesis is to present such a conceptual model for the diagenetic 
development based on a high-resolution data set from several petroleum wells of two fields 
within the Neoproterozoic A2C interval of the South Oman Salt Basin. The complex diagenetic 
history of the studied A2C stringer was unraveled using a combination of different methods, 
including core observations, thin sections and geochemical data (i.e. isotopes and bromine 
content) and spatial distribution patterns of diagenetic phases and their effect on reservoir 
properties were detected and linked to the burial history of the salt basin (Fig. 2). Further the 
distribution trends were linked to facies distributions and salt tectonic-related stringer 
defomation. The results from finite element and discrete element models combined with BHI-
fracture patterns were used to constrain the effect of salt tectonics on fracture formation and 
fluid flow evolution within the stringers. This study comprises crucial information for better 
predictions of reservoir quality and better volumetric calculations and hence for prospective 
exploration and production efforts in the SOSB which might be adopted for other stringer plays. 
 
1.2 Thesis overview/Workflow 
Rock fabric, mineralogy, paragenetic relationships and geochemistry of around 400 samples 
from the A2C intervals of four wells of Field G (G-2H1, G-3H2, G-4H1 and G-8H1), four Field 
E-wells (E-4H1, E-5H1, E-9H2 and E-11H3) and additionally two reference wells outside Field 
E and G, i.e. wells F-1H1 and C-7H1, were analysed to understand the diagenetic processes 
and their timing.  
Core description and sampling was followed by quantitative XRD measurements (Siemens 
D5000) and rock fabric analyses of all samples. The rock fabric analyses on thin sections 
include the description of texture & lithology, allochems and matrix, authigenic cement phases 
and classification of pore systems (totally 10 subgroups). Paragenetic sequences were 
established for all wells of Fields E & G and both reference wells F-1H1 and C-7H1. 
Cathodoluminescence and SEM studies and additionally qualitative XRD measurements 
(Bruker AXS D8) were carried out on selected samples (see Fig. 2). The geochemistry was 
analysed to understand the diagenetic processes. These include isotope analyses (δ18O, δ13C 
and δ34S) and bromine analyses on halite. Carbon and oxygen isotopes were measured on 
128 dolomite and calcite samples from Field E and Field G. Sulphur isotopes were also 
measured on 57 anhydrite samples from Field E and Field G.  
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Figure 1: Map of the studied A2C stringer with the location of the wells which were used for the 
interpolation of the point-counting results. Inset tables give the number of thin-sections analysed for 
each well. 
The bromine content was determined on 19 halite samples from Fields E and Field G with the 
aim to distinguish paragenetically ‘early’ from ‘late’ halite cements. The bitumen reflectance of 
29 samples from Fields E, Field G and Field F was measured to determine the maximal burial 
temperature of the stringers. Further the relationship between crystal size and 
porosity/permeability was investigated. Consequently, an averaged dolomite and if possible 
also calcite crystal size for each of our 369 thin sections from the Fields E, G, C and F and 
additionally for 171 Badley Ashton thin sections from the wells E-4H1, E-5H1, E-9H2, E-11H3 
and G-1H1 were determined by crystal size measurements. Porosity-permeability relationships 
for different rock fabric groups were defined using our own high resolution data set combined 
with external petrophysical measurements provided by BAAL/Reslab (i.e. helium porosity and 
permeability measurements) and external BHI-facies interpretations of the wells E-1H1, E-4H1, 
E-9H2, E-11H3, G-1H1, G-2H1 and G-3H2. 
Finally vertical and spatial distribution trends were determined using the high-resolution data 
set described before. In total 860 sequence-based, Petrel-based distribution maps based on 
860 individual thin sections of 15 field wells were calculated for the (a) main cement phases, 
(b) different porosity types, (c) helium porosity, (d) permeability and (e) crystal sizes using our 
modal analyses results combined with existing BAAL data (i.e. modal analyses and 
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petrophysical data of the wells E-1H1, E-4H1, E-5H1, E-6H2, E-9H2, E-11H3, G-1H1, G-2H1, 
G-3H2, G-4H1, G-8H1, F-1H1, A-1H1, B-1H1, D-1H1 and D-3H1 as shown in Figure 1). A 
rigorous error analysis was performed during the construction of the maps taking into account 
the error of the point counting results and the interpolation between wells.  
 
 
Figure 2: Overview of all analyses performed during the complete project to get a better understanding 
of the diagenetic processes, their timing and their spatial/vertical distribution trends. The rock fabric, 
mineralogy, paragenetic relationships and geochemistry were analysed on own samples and 
combined with existing data and later linked to the burial history of the stringer and stringer 
fragmentation for the development of a diagenetic model. 
Burial graphs of 8 Field E-wells (E-1H1, E-1H2, E-3H1, E-4H1, E-5H1, E-9H2, E-10H2, E-
11H3) and 13 Field G-wells (G-2H1, G-3H2, G-4H1, G-8H1, G-9H1, G-10H2, G-11H2, G-
12H1, G-12H2, G-13H2, G-14H1, G-15H1, G-16H2), own core observations (e.g. stylolite or 
fracture distributions), external facies models of Badley Ashton Inc., geophysical logging data 
(i.e. BHI-fracture interpretations of the wells E-1H1, E-2H1, E-3H1, E-4H1, G-1H1, G-1H3, G-
2H1, G-3H2, G-4H1, G-8H1, B-1H1 and PLT logs of the wells E-4H1, E-5H1, E-9H2, G-2H1, 
G-3H2, G-4H1, G-8H1) and results from finite element and discrete element models of salt 
tectonic-related stringer deformation/fragmentation (Li et al., 2012). 
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1.3 Geological setting 
The South Oman Salt Basin (SOSB) is one of three late Neoproterozoic to early Cambrian 
subsurface salt basins of the interior Oman. They belong to a belt of restricted evaporitic 
basins, which span from Oman to Iran (Hormuz Salt) and Pakistan (Salt Range) and further to 
the East Himalaya (Mattes & Conway Morris, 1990; Allen, 2007; Reuning et al., 2009). The 
western margin of the SOSB is formed by the ‘Western Deformation Front’ (Fig. 3), a 
structurally complex zone with transpressional character (Immerz et al., 2000). The eastern 
margin is constituted by the so-called ‘Eastern Flank’ (Fig. 3), a structural high 
(Amthor et al., 2005). 
 
 
Figure 3: Overview map of the Late Ediacaran to Early Cambrian salt basins of Interior Oman (modified 
after Schröder et al. 2005 and Reuning et al. 2009). The study area (marked by the yellow rectangle) 
is located in the southwestern part of the South Oman Salt Basin. The eastward-thinning basin with 
sediment fill of up to 7 km is bordered to the west by the transpressional ‘Western Deformation Front’ 
and to the east by the structural high of the ‘Eastern Flank’. 
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Figure 4: Chronostratigraphic summary of rock units in the subsurface of the Interior Oman.The 
geochronology was adopted from Al-Husseini (2010). The lithostratigraphy of the lower Huqf 
Supergroup was adapted from Allen (2007) and Rieu et al. (2007). The lithostratigraphy of the upper 
Huqf Supergroup and the Haima Supergroup was adapted from Boserio et al. (1995), Droste (1997), 
Blood (2001) and Sharland et al. (2001). The lithostratigraphic composite log on the right (not to scale) 
shows the six carbonate to evaporite sequences of the Ara Group, which are overlain by siliciclastics 
of the Nimr Group and further by the Mahatta Humaid Group. Sedimentation of the siliciclastics on the 
mobile evaporite sequence led to strong halokinesis, which ended during sedimentation of the 
Ghudun Formation (Al-Barwani & McClay 2008). 
 
The formation of the SOSB started with the sedimentation of the Huqf Supergroup from the 
Late Neoproterozoic until the Early Cambrian (approximately 725-530 Ma) on crystalline 
basement (Gorin et al., 1982). Evaporite sedimentation dominated the Ediacaran to Early 
Cambrian Ara Group that, together with the siliciclastic Nimr Group, form the uppermost part of 
the Huqf Supergroup (Fig. 4). Radiometric dating of ash beds brackets the age of the Ara 
Group in the SOSB between approximately 547 and 540 Ma, encompassing the Precambrian 
to Cambrian boundary (Amthor et al., 2003; Bowring et al., 2007). In contrast to the underlying 
Nafun Group, the Ara Group is characterised by tectonic compartmentalization, strong 
subsidence and an onset of volcanism associated with sedimentation in a retro-arc setting 
between the subducting margin of eastern Gondwana and the East African Orogen (Allen, 
2007). During deposition of the Ara Group, the SOSB was subdivided into three N-S trending 
palaeogeographic domains. The Northern and Southern Carbonate Domains were separated 
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by a deeper stratified basin with a water depth of up to several hundred metres (Mattes & 
Conway Morris, 1990; Amthor et al., 2005). At least six cycles of inter-layered carbonates and 
evaporites were deposited in the carbonate domains of the SOSB, termed A1 to A6 (Fig. 4) 
from bottom to top (Al-Siyabi, 2005). Increases in salinity led to the depositional succession 
carbonate-sulphate-halite, which in turn proceeded into the succession halite-sulphate-
carbonate during the following brine-level rise and highstand (Mattes & Conway Morris, 1990; 
Schröder et al., 2003, 2005). These carbonates formed partially isolated platforms that are 
completely encased by evaporites and hence form the stringers in the salt. The thickness of 
the Ara Salt varies between 10 m and 150 m in the A1 to A4 cycles and can exceed 1000 m in 
the halokinetically stronger influenced A5 and A6 sequences (Schröder et al., 2003). The 
sulphate layers encasing the 20-220 m thick carbonate units are up to 20 m thick. Bromine 
geochemistry of the Ara salt (Schröder et al., 2003; Schoenherr et al., 2008) and marine fossils 
(Amthor et al., 2003) clearly indicate a seawater source for the Ara evaporites. The gypsum, 
later replaced by anhydrite, formed in shallow hypersaline salinas (Schröder et al., 2003). The 
shallow-water carbonate ramp facies consists of Grainstones and laminated stromatolites, 
while the platform margin is formed by stromatolites and thrombolites. The slope facies 
includes organic-rich laminated dolostones, and the basinal facies is dominated by sapropelic 
laminites (Al-Siyabi, 2005). During seawater highstands, oil kitchen areas have been formed in 
the deeper, periodically anaerobic to dysaerobic parts of the basin (mainly slope and basinal 
Mudstones). Density stratification of seawater allowed preservation of a sufficient amount of 
organic material in the bottom layers (Mattes & Conway Morris, 1990). The main reservoir 
facies of the A4 intervals facies of the A4 interval comprises ‘crinkly’ laminites of the outer 
ramp and stromatolites and thrombolites of the inner ramp (Schröder et al., 2005). The 
existence of A-norsterane biomarkers unequivocally confirms that the hydrocarbon 
accumulations originate from within the Ara group (Grosjean et al., 2009). The SOSB stringer 
play thus represents a unique self-charging and self-contained petroleum system. 
Subsequent deposition of continental siliciclastics on the mobile Ara-Salt led to strong salt 
tectonic movements (Al-Barwani & McClay, 2008). Differential loading formed clastic pods and 
salt diapirs, which led to folding and further fragmentation of the carbonate platforms into 
isolated stringers floating in the Ara-Salt (Figs. 5 and 6). Early stages of halokinesis started 
already in the early Cambrian with deposition of the siliciclastic Nimr Group, sourced from the 
uplifted basement high in the Western Deformation Front (Fig. 3). The main phase of salt 
tectonic movements continued during the deposition of the lower part of the Haima Supergroup 
(Mahatta Humaid Group) until salt ridge rise could not keep pace with the massive 
sedimentation of the early Ordovician Ghudun Formation. Later halokinetic movements 
because of reactivation of basement faults or salt dissolution were of only local importance (Al-
Barwani & McClay, 2008). Maximum burial depths (temperatures), somewhat higher than the 
present 3 to > 5 km (60-125 °C), were reached during Ordovician to early Silurian times with a 
peak in hydrocarbon generation during the early Paleozoic (Visser, 1991; Terken et al., 2001; 
Schoenherr et al., 2007b).  
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Figure 5: (A) Un-interpreted seismic line crossing the study area. The position of the line is shown in 
Figure 6. (B) Interpretation of the seismic line shown in A. The formation of salt pillows and ridges is 
caused by passive downbuilding of the siliciclastic minibasins (Nimr Group and lower Mahatta Humaid 
Group) leading to strong folding and fragmentation of the salt embedded carbonate platforms and the 
formation of the Ara stringers Two generations of minibasins were identified: Minibasins of the first 
generation were formed during Nimr Group times and are located in the SW and between Field E and 
G. A minibasin of the second generation is located in the NE of Field E which was formed by passive 
downbuilding of the lower Humaid Mahatta Group. 
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Figure 6: Overview map “Top Salt” showing the position of minibasins formed during salt tectonics and 
the position of the studied A2C stringer (grey-coloured overlay). The black lines indicate the seismic 
interpreted fracture patterns within the stringer. Notice the position of the seismic line shown in 
Figure 5.  
Fluid properties within the carbonate stringers are highly variable with a wide range in gas ⁄ oil 
ratios and API units (approximately 23 °C to 52 °C; Grosjean et al., 2009). Catogenesis likely 
was retarded by the relatively low geothermal gradient of about 20 °C/km in salt basin and the 
very high overpressures in some of the stringers (Al-Siyabi, 2005; Schoenherr et al., 2007a,b 
and 2008). The carbonate stringers have undergone intense diagenetic modifications with 
locally extensive cementation by halite and reservoir bitumen (Al-Siyabi, 2005; 
Schoenherr et al., 2008). Pore-lining and -filling solid bitumen is a common diagenetic phase 
that represents one of the greatest risks for hydrocarbon exploration in the area (Al-
Siyabi, 2005; Schoenherr et al., 2007a,b and 2008). 
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2.1 Microscopy 
2.1.1 Thin section preparation 
Uncovered thin sections (48 mm x 28 mm) with a thickness of 30 μm were prepared from all 
wells. For selection of the blocks the core slabs were stained with ALIZARIN RED S (100 ml 
H2O (distilled) + 1,5 ml HCL (conc.) + 0,1 g Alizarin) to distinguish between dolomite and 
calcite. Calcite will be stained red, whereas dolomite remains unstained. The selected blocks 
were sawed using a diamond cutting disc and afterwards roughly ground by hand with silicium 
carbide (220 - 500 - 800 - 1200). In both steps no water or other cooling fluid was used to 
prevent the solution of the salt phase. For cleaning of the sawed, ground and air dried slabs 
compressed air or a brush was used. The ground blocks were glued on ground object plates 
using a mixture of 2 g EPOXID - resin (KÖRAPOX 439 A = Glycidylneodecanoat), 1 g 
hardener (KÖRAPOX 439 B = Triethylentetram/Tetraethylen-pentamin) and 0,01 g of the 
pigment BLUE DYE to highlight open pore spaces in thin sections. Redundant rock material of 
the glued block was sawed off to a thickness of 1-2 mm using a diamond cutting disc again. 
The first step of final grinding was done mechanical (using a granularity of 600 to a thickness 
of 50 μm), second step was done from hand (using a granularity of 600/1200 to a thickness of 
30 μm). For sawing and final grinding ETHANE DIOL (Ethylenglykol C2H6O2 ≥ 99,5 %, p.a.) 
was used for cooling and lubrication. To distinguish between dolomite and calcite, one half of 
each thin section was stained for 20-25 s with ALIZARIN RED S.   
 
2.1.2 Point-counting 
Matrix minerals, authigenous phases and porosity types of all thin sections were quantified by 
point counting (300 points, min. 8 traverses). The point counting traverses were chosen 
orthogonal to lamination. Modal analyses were carried out using a stage interval of 475 µm 
and a magnification of 100x. 
The point counting categories were adapted to earlier modal analyses studies of Badley 
Ashton (e.g. Cross et al., 2001; Johnson & Hollis, 2001; Bauer & Sellar, 2004; Bauer & Sellar, 
2005; Milroy & Burton, 2005; Ruf, 2006 or Green & Milroy, 2007). The matrix minerals were 
classified using their mineralogy (calcite or dolomite), their crystal sizes and their texture. The 
classifications of Gregg & Sibley (1984) and Sibley & Gregg (1987) were used for description 
of the texture. 
The authigenous phases were generally classified by their mineralogy (dolomite, 
gypsum/anhydrite, halite, calcite, quartz, pyrite or reservoir bitumen). Replacive phases were 
distinguished from cement phases, which were additionally distinguished by their position 
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(pore filling or fracture filling). The porosity was classified using the classification of Choquette 
& Pray (1970) and Lucia (1995). 
The point count error for the modal percentage of a phase in an individual thin section was 
calculated using the equation of van der Plas & Tobi (1965) (for a 95 % significance level): 
 
n
valuevalue )100(**2          (with n = 300 counts) 
 
2.1.3 Crystal size measurements 
Thin sections were used to measure the crystal sizes of randomly chosen dolomite and if 
present also calcite crystals. Crystal size analyses were performed at a magnification of 100x 
using an Olympus BH-2 microscope and the software package ‘analySIS docu’. An averaged 
crystal size (median and arithmetic mean) was calculated for each thin section. The Lucia 
class of each thin section was determined using the arithmetic mean and its sorting as 
described by Lucia (1995). 
 
2.1.4 Cathodoluminescence 
Selected samples were chosen for cathodoluminescence and scanning electron microscopy 
(SEM) studies. For cathodoluminescence, polished thin sections (4.8 cm x 2.8 cm) with a 
thickness of 30 µm were prepared as described above. The hot CL (type: HC-1 LM; Neuser, 
Bochum, Germany) runs at a voltage of 14 kV with a beam current density of 0.6-0.75 
mA/mm2. SEM combined with energy-dispersive X-ray spectroscopy was performed on a 
Zeiss DSM-962 (Carl Zeiss AG, Oberkochen, Germany). 
 
 
2.2 X-ray diffraction 
Mineralogy was determined by X-ray powder diffraction measurements using a Siemens 
D5000 to get a mineralogical overview and a first quantification of mineralogical phases 
(Rietveld analysis). Samples were initially ground and filled into cavity mount holders before 
scanning a range of 17° to 50° at a scanning speed of 0.02 °/sec, to obtain an overview of the 
mineral content. A copper Kα tube was used at 40 kV and 40 mA. The software-package EVA 
from Evaluation (BRUKER) was used for mineral phase analysis. 
The percentage of the minerals (dolomite, calcite, anhydrite, halite, quartz, magnesite, 
gypsum, fluorite and barite) was calculated by Rietveld analysis, using the computer program 
TOPAS by BRUKER (chapter 8.2.1). For the samples of well G-3H2 the mineral corundum 
was added as an internal standard for peak corrections, but afterwards excluded for the 
quantitative mineral interpretation. The effect of peak correction was insignificant and so the 
other wells were measured without internal standard. 
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2.3 Isotopes 
2.3.1 Oxygen and carbon isotopes 
Different types of dolomite and calcite cements (pores, fractures and tension gashes) and 
different types of replacive phases with different crystal sizes and textures were selected for 
oxygen and carbon isotope measurements. The isotope analyses were performed at the 
laboratory of IFM-GEOMAR, Kiel (Germany). Carbonate powder was dissolved with 100 % 
H3PO4 at 75 °C in an online, automated carbonate reaction device (Kiel Device) connected to a 
Finnigan Mat 252 mass spectrometer. Isotope ratios are calibrated to the Vienna Pee Dee 
Belemnite (V-PDB) standard using the NBS-19 carbonate standard. Average standard 
deviation based on analyses of a reference standard is < 0.07 ‰ V-PDB or δ18O and < 0.03 ‰ 
V-PDB for δ13C. 
 
2.3.2 Sulfur isotopes 
Different types of anhydrite cements (pores, fractures or tension gashes) and different types of 
replacive phases (laths, rosettes or nodules) were chosen for sulphur isotope measurements. 
The sulphur isotopic composition of anhydrite was measured on a ThermoFinnigan Delta Plus 
equipped with an Elemental Analyser (EA-IRMS). Approximately 200 μg of finely ground 
sulphate was homogenously mixed with an equal amount of vanadium pentoxid and placed in 
a tin capsule for subsequent automated combustion and isotope measurement. Results are 
reported in the standard delta notation (δ34S) as per mil difference to the Vienna-Canyon 
Diablo Troilite (V-CDT). Reproducibility was generally better than +/-0.3 ‰ V-CDT. Accuracy 
was monitored with lab standards and international reference materials (IAEA S1, S2, S3, NBS 
127). 
 
 
2.4 Bromine content 
Different types of halite cements (pore or fracture cements with or without inclusions of 
reservoir bitumen) were chosen for bromine content analyses. Only pure halite samples, 
verified by XRD measurements, were selected for bromine content analysis. 
The bromine content was determined from two separate weightings of each sample by ion 
chromatography at the Forschungszentrum Jülich (Germany). 
 
 
2.5 Reservoir bitumen reflectance measurements 
Polished sections with an approximated size of 1-6 cm² were prepared from core slabs. The 
rock samples were embedded perpendicular to bedding if possible, in a mixture of epoxy resin 
(Araldite® XW396) and hardener (Araldite® XW397) at the rate of 10:3 and hardened in an 
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oven (37 °C) for approx. 12 hours. Then the samples were ground and polished using an 
automated Struers Tegra Pol 21, with a Tegra Force 5 head, polishing system. Two different 
carborundum papers were used for grounding: a Diamante MD Piano 120 plate (Struers 
GmbH) and then a SiC paper 1200 (grain size 15 μm, Struers GmbH). In a next step the 
samples were polished to obtain a clean, uniformly flat and scratch-free surface. Three 
polishing laps covered with short-nap cloth (MD Plan (Struers GmbH), MD Dac (Struers 
GmbH) and Billard OP-U (Buehler)) were loaded subsequently with suspensions of decreasing 
grain size in the following sequence: 9 µm (DP-Plan), 1 µm (DP-Nap) and 0.5 µm (Feinpol OP-
U). Finally, the block was hand-buffed to remove fine smears and checked under a microscope 
for polishing quality and particle relief. 
Bitumen reflectance analyses were performed at a magnification of 500x in a dark-room using 
a Zeiss Axio Imager microscope for incident light equipped with a tungsten-halogen lamp (12 
V, 100 W), a 50X/0.85 Epiplan-NEOFLUAR oil immersion objective and a 546 nm filter. Zeiss 
immersion oil (ne =1.518; 23 °C) and mineral standards of known reflectance were used for 
calibration; namely Klein and Becker® leuco-saphire (0.592 %), yttrium-aluminum-garnet 
(YAG; 0.889 %), gandolinium-gallium-garnet (GGG; 1.721 %) and cubic zirconium (3.125 %). 
In this study the YAG and the leuco-saphire standards were used.  
Bitumen reflectance measurements (BRr) at random orientation of grains were made (i.e., no 
rotation of the microscope stage) in non-polarized light. In order to reach sufficient accuracy of 
reflectance measurements, at least 100 points were measured on each sample whenever 
possible. Data are processed using the DISKUS Fossil software (Technisches Büro Carl H. 
Hilgers). (modified from Sachse et al., 2011) 
The corresponding vitrinite reflectance (VRr) was calculated using the linear equation of Jacob 
(1989), which is for BRr values < 2 better calibrated than the linear equation of Landis & 
Castano (1995):  
VRr = 0,618 * BRr + 0,4 
The maximum burial temperature (T peak burial) was calculated from the VRr using the equation 
of Barker & Pawlewicz (1994): 
T peak burial = (ln(VRr) + 1,68) / 0,0124 
 
2.6 Spatial distribution maps 
In total 860 sequence-based distribution maps were calculated for the (a) main cement 
phases, (b) different porosity types, (c) helium porosity and (d) permeability using our modal 
analyses results combined with external BAAL data (for details see above). For generation of 
the cement distribution maps the cements in matrix porosities and fractures were treated 
separately.  
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Figure 7: Cross-section through the study area from the well E-11H3 in the south to well F-1H1 in the 
north. The yellow line represents the interpolation of the median values of the dolomite cement in 
matrix porosity in sequence 4. The two blue lines show the interpolation of the median values 
including the error bars. The red lines represent the interpolation including the interpolation error. This 
error increases significantly away from the wells. 
 
 
 
Figure 8: Example of the procedure that was used to classify the grid cells into groups using their 
medians and error bars. M1 and M3 fall completely within the separate Q0-25 and Q25-Q50 quartiles, 
respectively. M1 therefore would be colour-coded in dark blue and M3 in green. Dark blue and green 
areas on a quartile map hence indicate ranges of values which do not show overlap. In contrast, the 
error bars of M2 and M4 bridge two quartiles and would be colour-coded in light blue and orange, 
respectively. Median values with very large error bars that bridge all four quartiles are shown in white 
on the map. In black areas the combined errors exceed the interpolated median value, making any 
predictions impossible. 
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Figure 9: A comparison between a simple interpolated median map (left)) and a quartile map (right). 
Both maps display the distribution of dolomite cement in matrix porosity (sequence 4). The yellow 
(green) areas on the quartile map are characterized by dolomite values above (below) the average. 
Dark blue areas point to low dolomite cement values. For white and black areas a prediction of 
dolomite cement values is difficult or impossible due to the high errors resulting from the interpolation. 
The quartile map shows that an interpretation of trends outside of the Fields E and G is not reliable 
due to the errors involved. The quartile map also allows to unequivocally differentiate between areas 
with high (Max-Q75), above average (Q75-Q50), below average (Q50-Q25) and low (Q25-Min) 
dolomite values. The interpolation map in contrast gives a better impression of the absolute dolomite 
cement contents in %. 
 
 
Figure 10: Modal cements values derived from point counting are normally given as percentage of the 
total rock volume. Samples with same modal cement values can have different open porosity values, if 
the porosity available for cementation was different. The equation shown above was used to calculate 
how much of the available porosity was filled by a certain cement phase. 
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The point counting results for the individual samples of a well were averaged over each 
sequence by calculation of median values, which are less influenced by outliers than the 
arithmetic mean. Corresponding medians were interpolated between the wells (spacing of grid 
cells = 150 x 150 m) using Schlumberger’s PETREL software and displayed for the complete 
stringer (e.g. in Fig. 9). 
Further an error analysis was established for evaluation if spatial distribution trends are 
significant or not. Therefore the errors bars for the averages of a sequence were calculated 
using the equation below:  
 
n
n
valuevalue )100(**2 
 
 
The true median values at each well range with a likelihood of 95 % between the maximum 
and minimum values given by the median values plus (minus) the error bars respectively. The 
maximum and minimum values of all but the fracture filling cements were interpolated between 
the wells (Figs. 7 and 9). 
Away from the well the error of the interpolation increases. Thus the interpolation error was 
calculated in Petrel and added to the maximum and minimum values calculated previously 
(Fig. 7). 
Quartile maps were calculated to evaluate if the spatial distribution trends are significant or not 
with respect to all errors. Therefore the median values for each grid cell on the interpolated 
median map were determined, and used to calculate quartiles (Q25, Q50 and Q75). 
Afterwards each grid cell on the interpolated median map was classified in groups, which are 
based on the quartiles calculations (Fig. 8), in consideration of the complete error bars of each 
median value. The classified grid cells were finally displayed in quartile maps as shown 
exemplarily in Figure 9. 
The percentages of fracture cements were not interpolated between wells, but are displayed 
for each well in ‘Fracture maps’. For each sequence, the mean values and error bars of the 
individual cement phases are given in a table. The same colour coding scheme as for the 
quartile maps was used to indicate the relative abundance of the fracture cements. 
All spatial distribution maps show the modal cements values as percentage of the total rock 
volume. Additionally, maps have been calculated that show the modal cements as percentage 
of the ‘filled plus unfilled’ porosity (Fig. 10). These so-called ‘Initial Porosity Maps’ display how 
much of the available porosity was filled by a certain cement type and hence give a better 
impression on the importance of the different cement types in reducing the pore space. 
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2.7 Burial Graph 
Burial graphs were calculated for a better understanding of the burial- and temperature-
histories of the studied stringer. In total 8 wells of Field E (E-1H1, E-1H2, E-3H1, E-4H1, E-
5H1, E-9H2, E-10H2, E-11H3) and 13 wells of Field G (G-2H1, G-3H2, G-4H1, G-8H1, G-9H1, 
G-10H2, G-11H2, G-12H1, G-12H2, G-13H2, G-14H1, G-15H1, G-16H2) were modelled using 
the IES software package PetroMod v9.0 SP4. Due to the uncertainties in sedimentation, 
erosion and hiatus history for each well five different scenarios were calculated to estimate the 
effects on the absolute timing of key diagenetic events: 
 
Model 1: 
 Hiatus during lower Andam Group (upper Cambrian/lower Ordovician) 
 Sedimentation until end Misfar (Devonian) & Erosion after Misfar (Devonian) 
 Sedimentation until end Jubaila (Jurassic) & Erosion after Jubaila (Jurassic) 
Model 2: 
 Hiatus during lower Andam Group (upper Cambrian/lower Ordovician) 
 Sedimentation until end Sahmah (Silurian) & Erosion after Sahmah (Silurian) and Hiatus 
during Misfar (Devonian) 
 Sedimentation until end Jubaila (Jurassic) & Erosion after Jubaila (Jurassic) 
Model 3: 
 Hiatus during lower Andam Group (upper Cambrian/lower Ordovician) 
 Sedimentation until end Sahmah (Silurian) & Erosion after Sahmah (Silurian) and 
Sedimentation until end Misfar (Devonian) & Erosion after Misfar (Devonian) 
 Sedimentation until end Jubaila (Jurassic) & Erosion after Jubaila (Jurassic) 
Model 4: 
 Hiatus during lower Andam Group (upper Cambrian/lower Ordovician) 
 Sedimentation until end Misfar (Devonian) & Erosion after Misfar (Devonian) 
 Hiatus in Jurassic 
Model 5: 
 Sedimentation of the lower Andam Group (upper Cambrian/lower Ordovician) and 
Erosion after Barakat (Ordovician) 
 Sedimentation until end Misfar (Devonian) & Erosion after Misfar (Devonian) 
 Sedimentation until end Jubaila (Jurassic) & Erosion after Jubaila (Jurassic) 
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Table 1: Origin of input data used for burial graph modelling. Detailed lists for each burial graph can be 
found in chapter 8.1.4. 
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Table 1 indicates the origin of the sedimentation- and erosion-thicknesses, deposition- and 
erosion-ages and lithologies used for the calculation of the burial graphs. A detailed list of all 
input data used for each burial graph can be found in chapter 8.1.4. 
Heat flow and surface-water-interface temperature histories used for the modelling were 
adopted from Terken et al. (2001). The present-day heat flow was adapted to the Cauldron 
modelled temperature (Scholten 2009, pers. comm.). A constant paleowater depth of z = 0 m 
was used for modelling.  
Notice that the burial graphs and their input data were not calibrated using the maximum burial 
temperatures determined by bitumen reflectance measurements. 
 
 
2.8 Finite element models (FEM) 
Finite element models (FEM) were calculated using the commercial finite element modeling 
package ABAQUS. A simplified generic 2D model was defined, based on an interpreted NW-
SE oriented seismic line (Fig. 11). The total width of the model is 11.3 km. The basement dips 
with 1.5 ° in NW direction as wells as the carbonate stringer which dips with 0.5 ° in NW 
direction. The salt had initially a thickness up to 1300 m and thins towards SE to 1000 m. The 
carbonate stringer with a length of 10 km and a thickness of 80 m is in the NW 495 m and in 
the SE 356 m located above the basement. The duration and deformation rate of salt tectonics 
was estimated using thickness variations of the overlying siliciclastic layers. The interpreted 
seismic line (Fig. 11) indicates that the main salt deformation took place during deposition of 
the Nimr Group (532.6 - 527.7 Ma), forming in the western and central part of the study area 
the characteristic pods of the 1st generation. A younger 2nd generation minibasin was formed in 
the eastern part of the study area during deposition of the Haima clastics (527.7 – 498 Ma). 
The passive downbuilding of the 1st generation minibasin in the centre is strongest (vertical 
displacement of 700 m). Lower vertical displacements were chosen for the second 1st 
generation minibasin in the western part (500 m) and for the 2nd generation minibasin in the 
eastern part (350 m). For the purpose of modeling the salt tectonics a strategy was chosen 
where the displacement of the top salt is achieved by applying a predetermined displacement 
field. In this study the minibasins were simplified to sinusoidal shapes. The passive 
downbuilding was simulated by increasing amplitudes at constant rates over time. The total 
vertical load on the top of the model was kept constant as discussed before, together with a 
constant total upwards load at the bottom of the model. The right and left sides of the model 
are constrained not to move horizontally but are free to move vertically leading to constant salt 
volumes during the complete deformation time. The heterogeneous deformation of the salt 
body around the stringers leads locally to high strains which therefore result in local strong 
distortions of the FEM mesh. However, if the distortion of the mesh becomes too large, it can 
cause numerical instabilities and inaccuracy.  
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Figure 11: (A) Simplified interpretation of a NW-SE oriented seismic line indicating of geometries within 
the study area. (B) Simplified generic 2D model set-up used for calculation the FEM model. The 
boundary conditions and input parameters used for the FEM’s are listed in the table below. 
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Figure 12: Selected formation pressures of the Ara carbonates versus depth (modified from Kukla et al., 
2011). Formation pressures within or close to the studied A2C stringer are indicated by coloured 
circles, colour-coded according to the different Fields, whereas the formation pressures of other 
stringer (intervals) are displayed as rhombs. Grey-coloured rhombs indicate overpressured stringers in 
contrast to hydropressured formations which are displayed as white-coloured rhombs. Red-coloured 
circles are leakoff test (LOT) data. Overall, the data indicate that the studied stringer is present-day 
lightly overpressured but close to the hydrostatic pressure (blue-coloured line). A simplified pressure 
history of the studied stringer interval is indicated by the green line. The hydrostatic pressured stringer 
becomes overpressured as soon as the stringers are sealed by impermeable salt. Dewatering of 
gypsum starts in a burial depth of around 300 m (Bäuerel et al., 2000) and generation of first 
hydrocarbons at temperatures > 95 ° (see chapter 4.2.4 of this thesis) within the self-charging stringer 
led to a rapid rise of fluid pressures close to the lithostatic pressure (red-coloured line). The fact that 
the stringer is present-day close to the hydrostatic pressure indicate that the stringer has to be 
depressurised during burial, most likely by a deflation event in end of salt tectonic times when the 
overpressured stringer came in contact with a siliciclastic minibasin (compare formation of reservoir 
bitumen discussed in chapter 4.2.4). Since then the pore pressures within the stringer remain slightly 
overpressured close to the hydrostatic pressure but do not shift towards the lithostatic pressure which 
might indicate that parts of the stringers are still present-day in contact with the siliciclastic overburden 
of the minibasin. The effective stresses (σ‘) within the stringer were finally calculated using the 
concept of Terzaghi (1923): σ’ = σMax - PPore, whereas the formulas used for calculation of the pore 
pressures during different stages of burial are indicated on the right of the diagram. Note that σMax in 
pre-salt tectonic times was given by the lithostatic pressures, whereas σMax in (post-)salt tectonic times 
is dominated by tectonic stresses or bending stresses related to the gravitational sinking of the 
stringer, which were both directly read out from the FEM’s. 
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To diminish the effect of distortion the deformation times were reduced proportionally to their 
real deformation time. Following deformation times were used in the FEM’s of this study: 0.5 
Ma (1.57 x 1013 s) for 1st generation minibasins, 3.0 Ma (9.5 x 1013 s) for the 2nd generation 
minibasin and 5.0 Ma (1.6 x 1014 s) for post-salt tectonic times. Since the interpreted seismic 
line indicates constant thicknesses of the overlying rocks, a horizontally uniformly distributed 
vertical load was chosen for post-salt tectonic times. Therefore the weight of the overburden 
was calculated over time: 

Top
Bottom
Lv zg  
where ρL are the lithology densities, g is the gravitational constant (g = 9,81 m s-2) and z are 
the formation thicknesses. Lithologies and formation thicknesses were adapted from the burial 
history calculations (i.e. E-9H2, cf. chapter 2.7). Following densities were used for calculation 
of the lithostatic pressures: shale = 2,680 g/cm3, sandy shale = 2,674 g/cm3, calcerous shale = 
2,688 g/cm3, shale & limestones = 2,695 g/cm3, shale & siltstone = 2,674 g/cm3, silt & 
sandstone = 2,665 g/cm3, sandstones = 2,660 g/cm3, shaly sandstones = 2,666 g/cm3, silty 
sandstones = 2,664 g/cm3, conglomeratic sandstones = 2,663 g/cm3, sandstones & shales = 
2,669 g/cm3, limestones = 2,710 g/cm3, shaly limestones = 2,770 g/cm3, sandy limestones = 
2,695 g/cm3, dolomitic limestones = 2,752 g/cm3, dolomites = 2,836 g/cm3 and evaporates = 
2,540 g/cm3.  
The rheology of salt was described by a powerlaw relationship between the differential stress 
and strain rate: 
nn
RT
QAA )(exp)( 310  
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  
where   is the strain rate, )( 31    is the differential stress, A0 is a material parameter, Q is 
the activation energy, R is the gas constant (R = 8,314 J mol-1 K-1), T is the temperature and n 
is the power law exponent describing the deformation mechanism in salt. The two main 
deformation mechanisms in salt under the stress conditions and temperatures of active 
diapirism are pressure solution creep with n = 1 and dislocation creep with n = 5 (Urai et al., 
2008). In this study pressure solution creep (n = 1) was chosen as deformation process since 
dislocation creep (n = 5) indeed leads to stringer fragmentation but only to minor developed 
folding. Due to the ductile behavior of the stringer two breaks were inserted manually below 
the minibasin in the centre of the study area which is in accordance with the interpreted 
seismic line. The other parameters describing the salt rheology were adapted from triaxial 
deformation experiments measured on Ara rock salt samples: A0 = 1,82 x 10-9 MPa-5 s-1, 
Q = 32400 J mol-1, n = 1 (Schoenherr et al., 2007b; Urai et al., 2008). In order to simplify the 
models we used a constant temperature of 50 °C for the whole salt body due to the relatively 
small total thickness of the salt layer which would result only in small temperature and 
rheological differences if a realistic temperature gradient was applied. 
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The mechanical properties of the stringer used in the model are based on those of typical 
carbonate rocks in the SOSB. The elastic properties are relatively well known: for both, the 
stringer and the basement, a Young’s modulus of E = 40 GPa and a Poisson ratio of υ = 0.3 
were chosen. 
The effective stresses (σ‘) within the stringer were finally calculated using the concept of 
Terzaghi (1923): 
PMax P '  
where σMax are the maximum principal stresses within the FEM and PP are the pore pressures 
within the stringer at a time. Since shortening of the deformation times led to increased strain 
rates and hence to exaggerated stresses, the (maximum principal) stresses within the 
analogue FEM has to be corrected by a constant factor. The maximum principal stresses in the 
analogue model are during passive downbuilding of the 1st generation minibasin ~ 5 times 
higher than the real value, during downbuilding of the 2nd generation minibasin ~ 2-3 times 
higher and after salt tectonics ~ 1-2 times higher than the real values (Li et al. 2012, pers. 
comm.). 
 
The pore pressures are hydrostatic until the stringer is sealed by rock salt expressed by the 
following formula: 
zgP WWP    
where σW is the hydrostatic pressure, ρW is the density of water (ρW = 1,0 g/cm3), g is the 
gravitational constant (g = 9,81 m s-2) and z is the height of the water column at a time. 
According to Kukla et al. (2011) the stringer gets overpressured during further burial. Since no 
black-stained salt was observed in the surrounding of the studied stringer intervals, pore 
pressures as high as the lithostatic pressures can be ruled out. However, one process of 
pressure increase is dehydration of gypsum to anhydrite which was described for the 
Zechstein stringers in a depth of around 300 m (Bäuerle et al., 2000). Furthermore the pore 
pressures within the stringers increase when the stringers reach temperatures > 95 °C and first 
hydrocarbons start to form (cf. chapter 4.2.4). A strong pressure drop by structural deflation is 
described at the end of salt tectonic times which led to a reduction of pore pressures to values 
approaching hydrostatic pressure (Kukla et al., 2011; Taylor et al., 2010). Therefore the pore 
pressures within the studied stringer buried > 300 m were calculated until the end of salt 
tectonics (498 Ma) using the green best-fit line in Figure 12: 
 


 
0.1743
3.98518.1 zP VP   
where σV is the lithostatic pressure and z is the burial depth of the stringer at a time. 
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As indicated by Kukla et al. (2011) the studied stringer remain overpressured after salt 
tectonics but close to the hydrostatic pressure and therefore the pore pressures during further 
burial were calculated using the green best-fit line after salt tectonics: 
  MPazgMPaP WWP 33    
where σW is the hydrostatic pressure, ρW is the density of water (ρW = 1,0 g/cm3), g is the 
gravitational constant (g = 9,81 m s-2) and z is the height of the water column at a time. 
 
 
 
2.9 Borehole image analysis (BHI) 
The borehole images interpreted by Baker Atlas Geoscience and Schlumberger were provided 
by Petroleum Development Oman. Interpretations of the FMI resistivity and acoustic image 
data (STAR & CBIL datasets) has been performed simultaneously on static and dynamic 
normalised images by using the software packages RECALLTM as well as GeoFrame. Loading 
of the data is followed by data quality check, especially of orientation and auxiliary data. Minor 
speed variations that occur during logging were corrected by using accelerometer speed 
corrections. Furthermore the data were Dead Button- and EMEX voltage-corrected. 
The BHI facies as well as the dip of bedding, fractures and other features were determined 
using the BHI data. All dips were manually picked from resistivity and acoustic images by fitting 
a sine curve to the trace of a feature displayed on the 360° image of the borehole wall. The dip 
and the azimuth were afterwards calculated by using the sine curve’s amplitude and the 
position of the minimum.  
Following features were used within this study, classified by using the following ‘distinctive 
features’ (modified from internal industry reports). Note, that the fractures were furthermore 
classified with respect to their origin (natural or drilling induced/enhanced) and their grade of 
mineralisation and alteration: 
 
1. Bedding (carbonates):   Low to medium angle, mostly sharp, planar features covering 
all lithologies, but especially well-developed in well-bedded, finely laminated mudstone 
intervals. They represent primary deposition surfaces, cementation planes and biogenic 
laminae within the carbonate succession. The bedding surfaces are colour-coded in 
terms of their depositional angle with low-angle bedding (< 10°), moderate-angle 
bedding (10-35°) and steep bedding (> 35°). 
2. Mineralized fractures:   Well defined, steeply dipping planar features that are 
moderate to very bright on images, and crosscut or is discordant to primary bedding 
structure. These resistive/high-acoustic amplitude features is generally assumed to be 
a closed, cemented mineralised fractures or a cataclastic bands. 
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3. Partly mineralized fractures:   Moderately to very steeply dipping, irregular to planar, 
mixed resistive/high acoustic amplitude and conductive/low acoustic amplitude features 
with bright to dark colours which are discordant to bedding. This type of fracture might 
either have formed by a not completely cementation of the fracture porosity, through 
flushing of soluble fracture fill (e.g. salt) or by a (partially) re-opening of an existing, but 
already cemented fracture during or after drilling (drilling enhanced fracture).  
4. Non-mineralized fractures:   Moderately to very steeply dipping, irregular to planar, 
very bright to dark colored features that are discordant to bedding fabrics. This type of 
fracture might either have formed by a lack of cementation, through a completely 
flushing of soluble fracture fill (e.g. salt) or by exceeding of the tensile failure within the 
borehole wall after drilling, caused by the recent in-situ stress field (drilling induced 
fracture). Conductive/low acoustic. 
5. Breakouts:   High angle open features, usually appearing on the images as dark, low 
acoustic and nearly vertical spalled regions on each side of the borehole, shifted 180° 
apart. 
6. Drilling induced fractures:   Drilling induced (or drill bit-induced shear-) fractures are 
a subtype of non-mineralized fractures that often form a series of discontinuous 
stacked fractures parallel to the maximum in-situ stress direction. This nearly vertical 
oriented type of fracture can only be seen on the acoustic image and is characterised 
by incomplete, often uniform oriented traces (imperfect sinusoids). 
7. Drilling enhanced fractures:   Drilling enhanced (or mudweight-induced hydraulic) 
fractures are a subtype of partly mineralized fractures, that were formed during or after 
drilling by (partially) opening of a pre-existing, already cemented fracture, e.g. by the 
use of an excessive mud weight. 
8. Faults:   Well defined, steeply dipping planar or irregular features that are discordant to 
bedding, and which either display bedding offset or which are coincident with a major 
lithological boundary. Fault zones are often characterised by an increased fracture 
density, host rock alteration/ mineralization, structural dip change, coincident 
occurrence with drag folds, in-situ stress deviation, calliper enlargement/restriction 
and/or changes in wellbore deviation. 
 
During this thesis project the mineralized, partly mineralized and non-mineralized fractures 
were furthermore classified with regard to their origin of formation by using the crosscutting 
relationship between fracture and bedding planes. Existing conceptual models of fold-related 
fracture patterns (e.g. Stearns, 1968; Stearns & Friedman, 1972; Price & Cosgrove, 1990 or 
Fischer et al., 2009) were adapted to the geometry of the studied stringer to infer the 
characteristic crosscutting relationships between fracture and bedding planes (Fig. 13). A 
general constant dip of bedding was assumed for the entire A2C interval within a well, since 
dip variations of bedding planes are mainly caused by salt tectonic deformation instead of 
variances related to depositional environments. Small-scaled, facies-dependent dip variations 
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(e.g. in boundstones) were eliminated by using an averaged mean dip (95 %  confidence level 
± 15°) for the entire A2C interval of a well. Following fracture types were classified:  
 
 
Figure 13: Fracture patterns and characteristic crosscutting relationships between fracture and bedding 
planes which might be expected within the studied stringer, according to existing conceptual models of 
fold-related fracture patterns (e.g. Stearns, 1968; Stearns & Friedman, 1972; Price & Cosgrove, 1990 
or Fischer et al., 2009). The map on the right shows the depth of the top “Ara salt” and might therefore 
indicate the positions of the minibasin, whereas the grey-colored area above shows the outline of the 
A2C stringer within the study area. 
 
1. Extension joints (strike-parallel):   Strike of the fracture is parallel to the strike of the 
bedding, whereas the fracture has present-day a nearly vertical orientation with a 
cutting angle to the bedding of around 60 – 90° (Wilson et al., 1992; Fjær et al., 1992; 
Daehnke, 1999). 
2. Extension joints (limb-transverse):   Strike of the fracture is nearly perpendicular to 
the strike of the bedding, whereas the fracture has present-day a steep, nearly vertical 
dip. 
3. Shear joints (conjugate set on bedding planes):   Strike of the fracture is oblique to 
the strike of the bedding, whereas the fracture has present-day a nearly vertical 
orientation. 
4. Shear joints (conjugate set within layer):   Strike of the fracture is parallel to the 
strike of the bedding, whereas the fracture shows present-day a cutting angle to the 
bedding < 60° (Wilson et al., 1992; Fjær et al., 1992; Daehnke, 1999). 
5. Shear joints (bed-parallel):   Dip direction and angle of the fracture is similar to those 
of the bedding. 
6. Thrusts:   Strike (and dip direction) of the fracture is similar to those of the bedding 
planes, but the fracture crosscut and offset the bedding planes, whereas the offset is 
observable on the BHI’s. 
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7. Feather or pinnate fractures:   Dip direction of the fracture is similar to those of the 
bedding, but the fracture might crosscut the bedding planes. 
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Chapter 3: Results 
 
 
3.1 Crystal size 
Crystal size is often used in rock typing to define classes with similar PoroPerm relationships. 
Lucia (1995) established three classes, depending on the sorting (based on Dunham) and the 
crystal size. The fabric of the sample is the most important distinctive feature. The crystal size 
thresholds of mud-dominated fabrics are 20 and 100 µm (crystal size < 20 µm = class 3; 20-
100 µm = class 2 and > 100 µm = class 1), in contrast to grain-dominated fabrics, which have 
only one crystal size threshold (> 100  = class 1, crystal size < 100 µm = class 2 for 
Packstones and class 1 for Grainstones;). Lucia (1995) argued that for a given interparticle 
porosity the permeability decreases from class 1 (Fig. 14 A) to class 2 (Fig. 14 B) and further 
into class 3 (Figs. 14 C+D). To test this concept for the Ara stringer play the crystal sizes and 
the sorting of all available thin sections from Field E & Field G and additionally both reference 
wells F-1H1 and C-7H1 were determined. Since rock fabric analyses indicate contradictable 
textures for dolomite- and calcite-dominated samples, the crystal sizes for dolomite and calcite 
were determined separately.  
 
Figure 14: SEM pictures of selected dolomitic samples of the A2C interval showing the different rock 
fabrics of the Lucia classes: A) Lucia class 1: G8-17 (4986,52 m, Mcl; median crystal size = 49,54 μm, 
area with Lucia class 1 texture within a sample that is overall Lucia class 2) B) Lucia class 2: E9-13 
(4735,70 m, Bml; median crystal size = 38,69 μm) C) Lucia class 3: E4-12 (4786,43 m, WMp, median 
crystal size = 13,96 μm) D) Magnification of Fig. C). 
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Figure 15: Generally, calcite crystals in the A2C interval are larger than dolomite crystals (left). Samples 
dominated by calcite were often classified as Lucia class 1, but most calcite samples have much lower 
interparticle porosities than dolomite samples (right). 
 
Figure 16: Porosity-permeability cross-plot of the A2C colour-coded according to the Lucia class of the 
sample. The Lucia classes show a large overlap in poroperm characteristics, but Lucia class 1 
samples show on average higher permeabilities for a given porosity than Lucia class 2 and 3 samples. 
PoroPerm relationships are indicated for Lucia class 3 and Lucia class 1. 
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Figure 17: Boxplots showing the distribution of Lucia’s interparticle porosity within each Lucia class 
differentiated between dolomite- and calcite-dominated samples of the A2C interval. 
 
 
 
 
Figure 18: Boxplots showing the distribution of permeabilities within each Lucia class differentiated 
between dolomite- and calcite-dominated samples of the A2C interval. 
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Figure 19: Boxplots showing the distribution of Lucia’s interparticle porosity within each Dunham class 
differentiated between dolomite- and calcite-dominated samples of the A2C interval. 
 
 
 
Figure 20: Boxplots showing the distribution of permeabilities within each Dunham class differentiated 
between dolomite- and calcite-dominated samples of the A2C interval. 
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The crystal size measurements have shown that calcites show generally larger crystal sizes 
than dolomite crystals (Fig. 15). Hence calcite-dominated samples were often classified as 
Lucia class 1. In contrast the majority of dolomite-dominated samples are characterised by 
very-fine to fine average crystal sizes which straddle around 20 µm (Fig. 15). Accordingly, 
most dolomite samples were classified as Lucia class 3 and Lucia class 2. Only a few 
predominantly grain-dominated Grain-/Packstones were classified as Lucia class 1 samples. 
Due to this clear relationship between mineralogy and crystal size higher permeabilities for a 
given porosity can be expected in calcite-dominated samples. But in fact the coarser-
crystalline calcite-dominated samples show generally strongly depleted permeability values 
(Fig. 15). The dolomite-dominated samples in contrast show a clear relationship between 
crystal size and permeability. The best PoroPerm relationships can be defined for samples of 
Lucia class 1 (Fig. 16). For a given porosity, higher permeabilities were measured within Lucia 
class 1 samples than within Lucia class 2- and 3- samples (Figs. 16 - 18). Samples classified 
as Lucia class 2 and 3 show a wide overlap in PoroPerm and hence follow no clearly defined 
PoroPerm relationship. But only Lucia class 2 samples reach permeabilities > 50 mD (Figs. 16 
- 18). Lucia class 3 samples generally are characterised by permeabilities below 50 mD and 
many plot close to 0.1 mD (Figs. 16 and 18). The two Lucia class 3 samples that show 
permeabilities > 1000 mD probably are influenced by connected vuggy porosity.  
The spatial distribution of Lucia classes for dolomititic samples within the studied stringer are 
shown for each sequence in Figure 21: 
Sequence 5: The highest percentage of Lucia class 1 samples were identified in well G-4H1 
(possibly also G-2H1 and G-8H1, but note the limited sample set for those two wells). All other 
wells in the study area are dominated by Lucia class 2 and/or 3. 
Sequence 4: Lucia class 1 occurs in all wells of sequence 4, except well E-5H1. Generally the 
proportion of Lucia class 1 samples if higher in Field G and well F-1H1 than in Field E.  
Sequence 3: Overall sequence 3 is characterised by a relatively high proportion of Lucia class 
1 samples in six out of ten wells. High proportions of Lucia class 1 samples occur mainly in the 
northern part of Field E and Field G, but also at G-3H2 and E-11H3 in the south. This is in 
contrast to the wells from the central part of both fields that show a predominance of Lucia 
class 3 samples.  
Sequence 2: Nearly each well of this sequence shows a high percentage of Lucia class 2 
samples. The most northern wells (F-1H1, E-5H1, E-9H2 and G-8H1) and the well G-2H1 
show additionally some Lucia class 1 samples. The percentage of Lucia class 3 samples is 
generally low within this sequence.  
Sequence 1: The highest percentage of Lucia class 1 and Lucia class 2 samples were 
determined within the wells G-3H2 and G-4H1.  In contrast show the wells E-4H1, E-5H1 and 
G-1H1 a higher percentage of Lucia class 3 samples. 
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Figure 21: Spatial distribution of Lucia classes per sequence (measured on dolomites within the A2C 
interval). 
 
The influence of depositional facies on the distribution of Lucia classes is shown in Figure 22, 
plotted for each well. Note that only dolomitic samples were plotted in this figure; the 
distribution of Lucia classes within calcitic samples and the distribution of Lucia classes within 
facies belonging to a Dunham can be found in chapter 8.1.2. Grain-/Packstones typically can 
be attributed to Lucia class 1 (Fig. 22). Boundstones predominantly can be attributed to Lucia 
class 2, but Lucia class 3 is also common in some wells (Fig. 22). On average, Field G 
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(especially the wells G-1H1 and G-2H1) shows a higher percentage of Lucia class 3-
Boundstones than Field E. Packstones, Wackestones and Mudstones typically can be 
attributed equally to Lucia class 2 and Lucia class 3 (Fig. 22). Packstones and Wackestones 
show a slight predominance of Lucia class 2, whereas slightly above 50 % of the Mudstones 
belong to Lucia class 3 (Fig. 22).  
 
Figure 22: Distribution of Lucia classes within core-based Dunham classes (measured on dolomites 
within the A2C interval). 
Since many samples within the study area show crystal sizes which straddle around 20 µm 
and hence a clear separation between Lucia class 2 and Lucia class 3 is difficult, the influence 
of directly measured crystal size (without preceding classification) on PoroPerm characteristics 
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was tested. Therefore the measured crystal sizes were plotted on a porosity/permeability 
cross-plot separated according to the mineralogy of the sample (Fig. 23). Dolomite samples 
with larger crystal sizes show often higher permeability values for a given porosity than 
samples with smaller crystal sizes (Fig. 23). For this reason the spatial distribution of crystal 
size were plotted for each sequence (Fig. 24). Clear spatial distribution trends can be 
observed. Field G with exception of well G-2H1 shows generally larger crystal sizes than Field 
E. The highest crystal sizes in sequence 4 were measured within the northern wells of Field G 
and E (i.e. G-8H1 and E-9H2). In sequence 3 the crystal sizes in the northern part of the 
stringer remain also high (especially in E-9H2 and E-5H1), but on average large crystal sizes 
were also measured further south in G-1H1 and E-11H3. The overall highest dolomite crystal 
sizes within the entire stringer were measured within sequence 2. Especially the wells in the 
south-western part of Field G (i.e. G-1H1 and G-3H2) show in contrast to sequence 3 the 
highest crystal sizes. The overall smallest crystal sizes within the entire stringer were 
measured within sequence 1.  
 
Figure 23: The samples within the porosity-permeability cross-plot were colour-coded according to their 
crystal size to obtain better defined PoroPerm relationships for the A2C interval. Large crystal sizes 
are shown in red, small crystal sizes are shown in blue. For a given porosity, dolomite samples with 
larger crystal sizes show higher permeability values than dolomite samples with smaller crystal sizes, 
which can be used to achieve a better fit between predicted and measured permeability values. Notice 
that these relationships can only used for dolomite-dominated samples and not for calcite-dominated 
samples. This is because of the fact that calcite samples have generally low porosity and permeability 
values although they have the largest crystal sizes (compare Fig. 15). 
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Figure 24: Spatial distribution of crystal sizes per sequence (dolomites of the A2C interval). 
 
Due to the clear relationship between measured crystal size and permeability for a given 
porosity, the influence of core-based depositional facies on crystal size was analysed, shown 
in Figures 25 - 26. Overall the Boundstone facies shows the highest crystal sizes (Figs. 25 - 
26). Slightly lower, but also large crystal sizes were measured within the Pack-/Grainstones. 
All other Dunham classes show lower crystal sizes. The median crystal sizes of Pack-, Wacke- 
and Mudstones are nearly identical, but the mean crystal sizes are somewhat higher in 
Mudstones. These higher mean crystal sizes are caused by the increased crystal sizes of the 
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Mcl- and CER-lithofacies (Fig. 26). All other Mudstone-lithofacies show generally very small 
crystal sizes. The Breccias show a mixed crystal size range, depending on the crystal sizes of 
the clasts. All in all the crystal size distributions within the Dunham classes and lithofacies are 
not significant different between Field E and Field G and thus both fields can be summarized 
(Figs. 25 and 26). The summarized crystal sizes of both fields are also not significantly 
different compared to the C-7H1 and F-1H1 wells.  
 
Figure 25: Dolomite crystal sizes of the A2C interval within Field E & G, Field E, Field G, and both 
extrapolation wells F-1H1 and C-7H1 (core-based Dunham classes). 
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Figure 26: Dolomite crystal sizes of the A2C interval within Field E & G, Field E, Field G, and both 
extrapolation wells F-1H1 and C-7H1 (core-based lithofacies). 
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Figure 27: Dolomite crystal sizes of the A2C interval within Field E & G, Field E, Field G and both 
extrapolation wells F-1H1 and C-7H1 (BHI-based Dunham classes). 
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However, most depositional facies interpretations are based on core observations, but not all 
wells were cored. The lithofacies in uncored wells was often interpreted from borehole image 
logs (BHI). To test if these lithofacies interpretations from borehole imagine logs (BHI) can also 
be used to predict crystal size, the crystal size distributions within the BHI-lithofacies (instead 
of the core-based lithofacies) were analysed and compared to each other. The BHI-based 
Boundstones show in Field E and Field G generally the highest crystal sizes. The crystal sizes 
of the BHI-based Grain-/Packstones are in contrast in both fields much lower than in the core-
based Grain-/Packstones. The BHI-based Pack- and Wackestones show small crystal sizes 
comparable to the core-based Pack- and Wackestones. 
 
3.2 Paragenetic sequences 
Several diagenetic phases with different effects on reservoir properties were detected within 
the stringers. The paragenetic sequences for Field E & Field G and for both reference wells F-
1H1 and C-7H1 show the relative timing of diagenetic products and possible formation 
processes, subdivided into near-surface, intermediate and deep burial realm.  
Near-surface diagenesis (yellow-coloured in Figs. 28, 32 and 34) is characterised by marine 
diagenesis that ends when the stringers are sealed by a ~ 30 m rock salt - layer and no 
external surface brines can infiltrate into the stringer (Casas & Lowenstein, 1989; Schoenherr 
et al., 2009). Stylolites, which start to form in a burial depth of around 500-1000 m 
(Dunnington, 1967; Sellier, 1979), are the first products below near-surface diagenesis and 
therefore mark the first step of intermediate burial diagenesis (Machel, 1999; orange-coloured 
in Figs. 28, 32 and 34). The deep burial realm (green-coloured in Figs. 28, 32 and 34) denotes 
the broad field of diagenetic alterations beginning with hydrocarbon presence (Machel, 1999).  
The effects on PoroPerm properties are shown in the right column of the paragenetic 
sequences (Figs. 28, 32 and 34). PoroPerm-creating processes are indicated by ‘+’, processes 
which reduce PoroPerm are indicated by ‘-‘ and processes which have no effect on PoroPerm 
or which either create or reduce PoroPerm are indicated by ‘+/-‘. Brackets indicate a less 
important process. 
 
3.2.1 Field E and Field G 
Diagenetic products of all three diagenetic realms were observed in Field E and Field G 
(Fig. 28). Overall the diagenetic products and their timing and formation processes do not differ 
in Field E and in Field G and so one paragentic sequence for both fields was established. 
The near-surface diagenesis in pre-salt tectonic times is dominated by marine diagenetic 
products. Micritic envelopes around allochems possibly formed by boring algae and/or fungi 
were identified as the first diagenetic product (Fig. 29-1; Scholle & Scholle, 2003). Moulds 
within micrite-lined allochems point to dissolution of the unmicritised interior of these allochems 
(Fig. 29-1; Fig. 29-3). Columnar, isopachous cement coatings on the outside of allochems and 
within mouldic porosity and fractures are interpreted as marine in origin (Figs. 29-1, 29-3, 29-
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4). Hence, fracture type 1 and the moulds within the allochems started to form prior to dolomite 
cementation. The application of cathodoluminesence microscopy helped to discriminate two 
dolomite types: bright luminescent dolomite cement and a dull luminescent matrix dolomite 
(Figs. 29-6a and 29-6b). Many of the vuggy pores are interpreted to result from limestone 
dissolution during dolomitisation (Fig. 29-2). Relic dolomite inclusions within anhydrite (Fig. 30-
7c) indicate a replacement of dolomite by anhydrite nodules, rosettes and laths (Figs. 29-7a, 
29-7b and 30-7c), which is inline with the interpretation of Bauer & Sellar (2004). Compactional 
drapes around some of the nodules point to a very early replacement (Fig. 29-7a). Anhydrite 
cements are a further important PoroPerm-reducing product, which filled many vugs, moulds, 
interparticle pores during this stage of diagenesis (Figs. 29-8, 30-11, 31-13a and 32-19). Halite 
cements that contain one-phase aqueous fluid inclusions, but are devoid of oil or bitumen 
inclusions, indicate a formation in the near-surface burial realm at temperature below ~ 50 °C 
(Goldstein & Reynolds, 1994) in contrast to Bauer & Sellar (2004), who put their halite 
cementation close to the hydrocarbon charge. Halite cements predominantly fill vugs (Fig. 30-
9a) where they often postdate dolomite cements. This timing relationship is clearly shown in 
Figure 30-9a.  
Bauer & Sellar (2004) associated mouldic and vuggy pores with meteoric dissolution at the 
sequence boundary 3. However, the new isotope data (chapter 3.3) and the higher sampling 
resolution of this study do not support a clear connection between this sequence boundary and 
increased vuggy porosity in the A2C of Field G.  
Stylolites (Fig. 30-10), which typically initiate to form in a burial depth of ~ 500-1000 m 
(Dunnington, 1967; Sellier, 1979), define the beginning of the intermediate burial realm 
(Machel, 1999). Anhydrite-cemented tension gashes orientated perpendicular to the stylolite 
direction are interpreted to have formed concomitantly. Anhydrite-filled fractures devoid of oil 
inclusions are interpreted to have formed in the intermediate burial realm. During further burial 
these anhydrite-filled fractures were partially dissolved along stylolites (Fig. 30-13a). 
Calcite cements (Figs. 30-13a and 30-13b), also observed by Bauer & Sellar (2004), are 
common in pores, fractures and tension gashes. Inclusions of dolomite and anhydrite within 
calcite indicate that both phases were replaced by calcite (Figs. 30-12a and 30-12b). Bauer & 
Sellar (2004) in contrast described only replacive calcite, which neomorphically replaces the 
aragonite framework in thrombolitic facies under near surface conditions that later recrystalize 
in the burial realm. The replacive calcite (Figs. 30-12a and 30-12b) and the calcite cements 
(Figs. 30-13a and 30-13b) observed in our study were often abundant adjacent to stylolites 
(Figs. 30-12a, 30-12b and 30-13a) preferentially in thrombolitic and also in basinal facies. 
Tension gashes, filled with anhydrite and calcite as shown in Figure 30-13a, point to a 
contemporaneously precipitation of both phases. 
The presence of hydrocarbon was interpreted as a marker for the deep burial realm 
(Machel,1999). Reservoir bitumen is the most important PoroPerm-reducing phase in this deep 
burial realm, which filled preferentially intercrystalline pores, vugs, interparticle pores and 
locally thin fractures (Fig. 31-15a, 31-15b and 31-15c). Reservoir bitumen lining along 
cleavage planes in anhydrite nodules and in anhydrite-/calcite-filled pores are common, which 
indicates that the nodules/pores were already formed/filled in a late near-surface to 
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intermediate burial realm, which is in line with Bauer & Sellar’s observations (2004). The 
insoluble residue along stylolites consists partly of reservoir bitumen (Figs. 30-12a, 30-13a, 
and 30-13b) indicating that pressure solution continued after oil migration. Inclusions of 
reservoir bitumen within replacive calcite indicate that dedolomitisation continued into the deep 
burial realm. Round oil inclusions (Fig. 31-16a), angular fragments of reservoir bitumen and 
reservoir bitumen-cemented dolomite fragments (both Fig. 31-16b) within most halite cements 
clearly indicate a late phase of halite cements postdating the bitumen formation, which differs 
to the interpretations of Bauer & Sellar (2004), who described the late halite cementation 
before the onset of hydrocarbon generation. This second phase of halite cement is 
volumetrically much more important than the first phase in the near-surface burial realm. Late 
halite typically fills porosities of facies with an initially high permeability and often is the first 
cement postdating dolomitisation. Quartz with inclusions of anhydrite, dolomite, calcite and 
reservoir bitumen indicate that the replacive quartz was formed after oil migration in a later 
stage of the deep burial diagenesis (Figs. 31-17a and 31-17b), which differs to the 
interpretations of Bauer & Sellar (2004), who described the formation of quartz at the 
beginning of the burial environment. Replacive quartz and quartz cement are of only local 
importance (Fig. 31-18). The corroded shapes of anhydrite cement containing reservoir 
bitumen inclusions and vuggy pores within replacive anhydrite point to late phase of anhydrite 
dissolution (Fig. 31-19), which was identified as one of the lastest diagenetic events that locally 
reopened vuggy and mouldic pores. 
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Figure 28: Paragenetic sequence for the A2C interval of Field E and G. Effects on PoroPerm-properties 
are indicated on the right. Near-surface diagenesis predated the salt tectonic phase and is 
characterized by marine diagenetic products and reflux products. Intermediate diagenesis during the 
salt tectonic phase is characterized by the onset of stylolites. The presence of hydrocarbons and 
reservoir bitumen defines the deep burial realm that at least partially postdates the salt tectonic phase. 
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Figure 29: Diagenetic products observed in thin-sections and on core slabs. The number of the 
photographs refers to the diagenetic process shown in the paragenetic sequence. 
1) E-4H1 (4775.31 m): Moulds, filled with columnar, isopachous cement, within allochems with 
micritic envelopes. The micritic envelopes around allochems were probably formed by boring 
algae and/or fungi during marine diagenesis (yellow arrow). The columnar, isopachous cement 
within the moulds were interpreted as early marine cement, hence it indicates an early 
dissolution of the unmicritised interior. [ppl, 100x] 
2) G-4H1 (4978.49 m): Remnant limestone (red-stained) with individual dolomite crystals in the 
lower part (yellow arrow) within a nearly completely dolomitised limestone (upper part). Notice 
the higher porosity (blue resin) in the undolomitised part as a result of limestone dissolution. [ppl 
+ white card, 100x] 
3) G-3H2 (4954.00 m): Fractures, filled with columnar, isopachous cement, which partially crosscut 
micritised allochems. This leads to the interpretation that the limestone was already fractured 
during near-surface diagenesis prior to early marine cementation. [ppl, 100x] 
4) G-2H1 (4950.77 m): Columnar, isopachous cement around allochems, and locally reservoir 
bitumen within the remaining interparticle porosity. The columnar, isopachous cement likely was 
formed during early marine diagenesis and the remaining interparticle porosity was during 
further (deep burial) diagenesis locally cemented with reservoir bitumen. [ppl, 100x] 
6a) G-4H1 (5014.23 m): Dolomitised thrombolite (dark brown-coloured) with dolomite cements (light 
brown-coloured). Notice that the thrombolitic rockfabric (upper arrow) and the dolomite cements 
(lower arrow) are more difficult to distinguish using normal lightmicroscopy. 
[cathodoluminesence, 40x] 
6b) G-8H1 (4951.33 m): Dolomite cements in a fenestral pore. [cathodoluminescence, 100x] 
8) E-4H1 (4797.34 m): Anhydrite cements within moulds in allochems with micritic envelope. It 
seems that anhydrite filled (preferentially) moulds formed by dissolution of unmicritised 
allochems, vugs (not shown in this picture) and fractures. [xpl, 40x] 
7a) E-5H1 (4779.73 m): Anhydrite nodule with compactional drape (yellow arrow) and relic 
inclusions of dolomite (observed in thin-sections). The dolomite inclusions point to the replacive 
character of the nodule, which formed already very early in a near-surface burial realm when the 
rock was still uncompacted as indicated by the compactional drape. [core slab] 
7b) E-4H1 (4775.31 m): Anhydrite laths, which crosscut the micritic envelopes of allochems, which 
indicate that the lath partially replaced the allochem. [xpl, 40x] 
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Figure 30: Diagenetic products observed in thin-sections and on core slabs. The number of the 
photographs refers to the diagenetic process shown in the paragenetic sequence. 
7c) G-4H1 (4983.46 m): Relic dolomite inclusions within the anhydrite rosette (yellow arrow) indicate 
that the anhydrite replaced the dolomite. [xpl, 100x] 
9a) G-2H1 (4884.33 m): Dolomite cements (Dol, yellow arrow) around a vuggy pore and halite 
cements (Hal) devoid of oil or bitumen inclusions in the inner part of this pore. The shape and 
position of the dolomite cement point to free crystal growth in open porosity, hence the halite 
precipitated later than the dolomite. [ppl, 25x] 
9b) G-3H2 (5022.12 m): Halite-filled fractures in a laminated anhydrite rock. [core slab] 
10) G-3H2 (4960.77 m]: Stylolite with reservoir bitumen lining. The lining probably results from 
dissolution of the reservoir bitumen-bearing or organic-rich matrix. [core slab] 
11) G-3H2 (4956.48 m): Network of anhydrite cemented fractures devoid of oil or bitumen 
inclusions, probably formed during ongoing salt tectonics. [xpl, complete thin-section] 
12a) G-4H1 (5014.23 m): Calcite with relic dolomite inclusions in the vicinity of a reservoir bitumen-
lined stylolites indicates that the dolomite matrix was extensively replaced by calcite 
(= dedolomite). Notice the partially dissolved anhydrite lath above the stylolite (upper arrow), 
which might be a Ca-source. [ppl + white card, 25x] 
12b) G-8H1 (5006.46 m): The relic anhydrite inclusions within the calcite and the corroded shapes of 
the anhydrite (inclusions) might indicate that the calcite replaced a former anhydrite lath. [xpl, 
100x] 
13a) G-3H2 (4941.49 m): Reservoir bitumen-lined stylolite with anhydrite- and calcite-filled tension 
gash. Notice the anhydrite-filled fracture in the lower left corner of the picture, which was 
partially dissolved along the stylolite. This indicates that the anhydrite-filled fracture was formed 
earlier than the stylolite. [ppl, 40x] 
13b) G-8H1 (4984.20 m): Intercrystalline and vuggy pores in the surrounding of (reservoir bitumen-
lined) stylolites are often extensively cemented with calcite cement. (ppl + white card, 40x] 
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Figure 31: Diagenetic products observed in thin-sections and on core slabs. The number of the 
photographs refers to the diagenetic process shown in the paragenetic sequence. 
13a) G-2H1 (4950.77 m): Allochems cemented with (early marine) columnar, isopachous cements. 
The remaining porosity was afterwards locally filled with anhydrite and reservoir bitumen. [xpl, 
40x] 
13b) G-3H2 (5015.17 m): Reservoir bitumen-filled intercrystalline porosity (yellow arrow) between 
anhydrite crystals. [ppl + white card, 40x] 
14) G-3H2 (5015.17 m): Reservoir bitumen-filled intercrystalline porosity (yellow arrow) between 
anhydrite crystals. [ppl + white card, 40x] 
15a) E-9H2 (4721.45 m): Oil inclusions (black arrow) within a halite-cemented vuggy pore. The round 
shapes of the inclusions indicate that the halite precipitated in the presence of oil. [ppl, 200x] 
15b) G-2H1 (4889.35 m): Fragments of angular reservoir bitumen and reservoir bitumen-cemented 
dolomite (yellow arrow) embedded into a halite-filled vug, which indicate that halite precipitated 
after bitumen generation. [ppl, 25x] 
17) E-4H1 (4803.21 m): A vuggy pore in a dolomitic matrix cemented with blocky, authigenous 
quartz. [xpl, 100x] 
18a) G-3H2 (4946.62 m): Inclusions of anhydrite (upper arrow) and dolomite (lower arrow) point to 
the replacive character of the quartz. [xpl, 100x] 
18b) G-4H1 (4981.14 m): Quartz with calcite inclusions and reservoir bitumen lining embedded into a 
calcitic matrix containing dolomite inclusions. The dolomite inclusions within the calcite (upper 
right corner) indicate that the calcite replaced dolomite (dedolomite). The calcite inclusions 
within the quartz (lower arrow) indicate that the quartz replaced calcite after dedolomitisation. 
Further the reservoir bitumen-lining within the quartz (upper arrow) indicates that bitumen 
formation was concomitant to quartz growth. [ppl + white card, 200x] 
19) G-8H1 (4971.57 m): Vuggy pore, partially filled with anhydrite cement containing reservoir 
bitumen inclusions. Notice the corroded shapes of the anhydrite in contact to the open pore 
space which point to (partially) dissolution of the anhydrite cement. The reservoir bitumen 
inclusions indicate that anhydrite cementation took place after hydrocarbon generation. [xpl, 
200x] 
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3.2.2 Well F-1H1 
Generally, the paragenetic sequence of well F-1H1 (Fig. 32) is similar to the one of Field E and 
G, but minor differences were observed in each of the diagenetic realms. Columnar, 
isopachous cements interpreted as early marine cements were used in Field E & G to identify 
near-surface burial fractures, were not observed in the well F-1H1. Quartz cements and 
replacive quartz in F-1H1 postdates dolomite cements and replacive dolomite but predates oil 
flow (Figs. 33-10/11) and therefore can be attributed to the intermediate instead of the deep 
burial realm. Dedolomites and calcite cements were not observed in well F-1H1. Dissolution 
pores in replacive anhydrite were interpreted to be the last diagenetic product in the Fields E & 
G. In the well F-1H1 the dissolution porosity in anhydrite was partially filled by halite cements 
(Fig. 33-15), indicating that both products were formed concomitantly or that the second phase 
of halite cements postdated the dissolution pores in anhydrite.    
 
Figure 32: Paragenetic sequence for the A2C interval of well F-1H1. 
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Figure 33: Diagenetic products observed in thin-sections and on core slabs. The number of the 
photographs refers to the diagenetic process shown in the paragenetic sequence. 
4) F-1H1 (5081.77 m): Vuggy pore filled with dolomite (Dol) and anhydrite (Anh) cement. The 
rhombic shape of the dolomite cement points to free crystal growth in an open pore space. 
Thus, the anhydrite cement postdates the dolomite cementation. [xpl, 100x] 
5a) F-1H1 (5068.32 m): A reservoir bitumen-lined stylolite separates a large-scaled anhydrite 
nodule, which contain many dolomite inclusions, from the dolomite matrix. The dolomite matrix 
contains many anhydrite crystals which also contain small dolomite inclusions. The anhydrite 
within the nodule is impregnated with reservoir bitumen along the cleavage plans of the 
crystals and show dissolution features along the stylolite. The dolomite inclusions within the 
anhydrite nodule lead to the interpretation that the anhydrite nodule first replaced the dolomite 
matrix. The bitumen impregnation along the cleavage of the plans of the anhydrite nodule 
indicates that oil generation postdated the anhydrite nodule growth. But the reservoir bitumen 
enrichment within the insoluble residue of the stylolites point to stylolite growth started or 
continued within the deep burial realm. It is interpreted that the blocky anhydrite crystals be 
sourced from the dissolution of the anhydrite nodule due to the fact that these crystals occur 
only adjacent to the stylolites. The picture hence shows two generations of replacive anhydrite 
and is a good example for the extensive “recycling” of anhydrite in the burial realm. [ppl, 25x] 
5b) F-1H1 (5058.18 m): Anhydrite rosette with numerous dolomite and some reservoir bitumen 
inclusions. The inclusions point to the replacive character of the anhydrite. The bitumen 
inclusions further indicate that the replacement took place within the deep burial realm. [xpl, 
25x] 
7) F-1H1 (5055.94 m): A nearly completely anhydrite (Anh) and halite (H) filled vuggy pore. 
Notice the reservoir bitumen-lining of the anhydrite cement at the boundary to the dolomite 
matrix, whereas the halite cement shows no reservoir bitumen-lining. A further important 
observation is the absence of oil and bitumen inclusions within the halite, whereas the 
anhydrite cement contains reservoir bitumen inclusions. This makes it difficult to determine if 
the anhydrite cement post- or pre-dates the reservoir bitumen. The bitumen lining of the 
anhydrite-filled vuggy pore seems to indicate that anhydrite postdates the reservoir bitumen. 
On the other hand, reservoir bitumen inclusions within the anhydrite cement could either 
indicate that oil flow filled remaining cavities within the anhydrite cement or could be explained 
as a 3D- effect. Anyway, the absence of oil and bitumen inclusions within the halite and the 
absence of pore-lining reservoir bitumen in the halite cemented part of the vug indicate a 
relatively early origin of the halite cement. Single-phase aqueous fluid inclusions within halite 
cement in this sample (not shown) point to precipitation at temperatures below ~50°C in the 
near-surface burial realm. The bitumen-lined concave/convex contact between the halite and 
the anhydrite could indicate a phase of halite dissolution. [ppl, 40x] 
9) F-1H1 (5073.02 m): Different generations of stylolites are present in this sample. The NW-SE 
oriented stylolite with anhydrite filled tension gash is crosscut by a NE-SW oriented stylolite. 
The crosscutting relationship indicates that the NW-SE oriented stylolite is younger than the 
NE-SW oriented and that the second generation of stylolites is older than the anhydrite-
cemented tension gash. [xpl, 25x] 
10/11) F-1H1 (5036.39 m): Two types of quartz: cements in vuggy and intercrystalline pores and 
matrix quartz containing small dolomite inclusions. Notice the concave shape of the reservoir 
bitumen at the boundary quartz cement – open pore space. This indicates that quartz cements 
and the replacive quartz was formed after dolomitisation but prior to oil generation in the 
intermediate burial realm. [ppl, 25x] 
13) F-1H1 (5050.63 m): Anhydrite and reservoir bitumen filled vuggy porosity. Bitumen is partially 
pore-lining but also occurs as inclusions within the anhydrite cement and as impregnation 
along the cleavage planes of anhydrite. The pore lining bitumen shows a serrated contact to 
the anhydrite, which indicates that oil impregnated the anhydrite. Oil flow, possibly in 
combination with anhydrite dissolution, apparently occurred along the contact between 
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anhydrite cement and dolomite. The possibility of oil flow along this contact makes it 
sometimes difficult to distinguish the paragenetic relationship between anhydrite and reservoir 
bitumen. [ppl, 40x] 
14) F-1H1 (5031.29 m): Halite cement (H, grey) encased within reservoir bitumen pore filling 
which indicates that halite precipitation occurred after reservoir bitumen cementation in the 
deep burial realm. [xpl, 25x] 
15) F-1H1 (5031.29 m): Anhydrite lath (Anh) with corroded crystal boundaries, which contain 
small dolomite inclusions, and vuggy pore filled with halite cement (H), which contain no 
anhydrite inclusions. The dolomite inclusion within the anhydrite indicates that the anhydrite 
replaced the dolomite. The shape of the cemented vuggy pore and the remnant anhydrite 
(Anh) indicates that the replacive anhydrite was dissolved and halite (H, grey) filled the 
resulting pore space. The absences of anhydrite inclusions within the halite point to a solution-
cavity fill process rather than a direct replacement. The dissolution of anhydrite might have 
resulted from the high salinity of the fluid from which the halite precipitated. Anhydrite solubility 
increases with the fluid salinity. The paragenetic relationships with solid bitumen in the same 
sample (see next picture) indicate that halite precipitation occurred in the deep burial realm. 
[xpl, 40x] 
 
3.2.3 Well C-7H1 
Generally, the paragenetic sequence of the well C-7H1 (Fig. 34) is similar to the ones of Field 
E & G and the well F-1H1, but minor differences were observed in each of the diagenetic 
realms.  
Early marine cements are not as well developed as in Field E & G and no early marine 
cements were observed as fracture fill. Similar to the well F-1H1, no near-surface burial 
fracture generation could be identified in the well C-7H1. Early halite cements could not be 
identified unequivocally in the well C-7H1, since all halite cements contained oil and/or solid 
bitumen inclusions pointing to an origin in the deep burial realm. However, this late halite 
cement might be formed by a local dissolution/reprecipitation mechanism as assumed for the 
Fields E & G and the well F-1H1. The intermediate burial realm is characterised by dolomite-
replacing calcite (dedolomite) and calcite cements (Figs. 35-8, 35-9 and 35-12). These 
products are closely connected to stylolites and their formation continues into the deep burial 
realm. Dedolomites and calcite cements in the intermediate burial realm were also observed in 
Field E & G, but are absent at F-1H1. In contrast to the Fields E & G, a phase of calcite 
(dedolomite) dissolution was observed at the well C-7H1 that locally created abundant vuggy 
porosity (Figs. 35-12 and 35-14). Oil/reservoir bitumen inclusions indicate that quartz cements 
and replacive quartz containing inclusions of other diagenetic phases were formed in the deep 
burial realm (Fig. 35-17). This is in agreement with the paragenetic sequence of the Fields E & 
G, but differs from the well F-1H1 where quartz cements and replacive quartz were formed in 
the intermediate burial realm. Dissolution pores within anhydrite is interpreted to be the last 
diagenetic product in the well C-7H1 (Fig. 35-18), since the resulting porosity was not occluded 
by any other diagenetic phases. Although thin sections were prepared without the use of 
water, it can not be ruled out completely that some dissolution of anhydrite might have 
happened during sample preparation. However, the presence of halite in many thin sections 
indicates that dissolution of evaporates during sample preparation is not likely to be significant.  
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Figure 34: Paragenetic sequence for the A2C interval of well C-7H1. 
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Figure 35: Diagenetic products observed in thin-sections and on core slabs. The number of the 
photographs refers to the diagenetic process shown in the paragenetic sequence. 
5) C-7H1 (4370.52 m): Coarse-crystalline, rhombic dolomite cement partially filling vuggy porosity. 
[xpl, 100x] 
6/7) C-7H1 (4368.50 m): Dolomite and anhydrite cement reduce a vuggy pore (Anh, upper left). 
Notice the dolomite inclusions within the anhydrite rosettes (Anh, lower right) which point to the 
replacive character of the rosette (Anh, lower right). [xpl, 40x] 
8) C-7H1 (4393.46 m): Medium- to coarse-crystalline, anhedral calcite (Cc) with inclusions of the 
fine-crystalline, anhedral dolomite matrix (Dol) adjacent to two reservoir bitumen-lined stylolites 
indicates that the calcite replaced the dolomite. [xpl, 25x]. 
9) C-7H1 (4389.52 m): Calcite (stained red, Cc) occurs as fracture filling cement. The dolomite 
adjacent to the calcite cement filled fracture is often dedolomitised (upper right). [xpl, 25x] 
12) C-7H1 (4384.85 m): Patches of replacive calcite containing dolomite inclusions (dedolomite, 
stained-red, Cc, lower right) are embedded in a fine-crystalline dolomite matrix. Notice the rim of 
dedolomite within the vuggy pore in the lower left corner and that the vuggy porosity has a 
similar shape as the dedolomite patches leading to the suggestion that calcite dissolution of 
dedolomite created open porosity. Anhydrite cements (Anh) later reduced the vuggy porosity. 
[ppl, 25x] 
14) C-7H1 (4389.52 m): Vuggy porosity (partially) filled with calcite (stained red, Cc) and reservoir 
bitumen. Notice the impregnation of reservoir bitumen along microfractures in calcite which 
indicates that oil flow and pore occluding by reservoir bitumen postdates calcite cementation. 
[ppl, 25x] 
15) C-7H1 (4344.33 m): A halite filled fracture containing oil/reservoir inclusions in a Pack-
/Grainstone sample. Halite cementation in the near-surface burial realm would be indicated by 
single-phase aqueous fluid inclusions and a lack of oil inclusions. The oil/reservoir inclusions 
hence point to a deep burial origin. The predominance of halite cements in facies with initially 
high porosities could indicate that halite was initially supplied by refluxing brines but later 
dissolved and locally reprecipitated. [ppl, 25x] 
17) C-7H1 (4399.31 m): Oil/reservoir bitumen inclusions in quartz point to an origin in the deep 
burial realm. [ppl, 100x] 
18) C-7H1 (4386.81 m): Anhydrite (Anh) with corroded crystal boundaries at contact to the open 
pore space (Poro) and open pore space in the interior of the anhydrite. Both observations 
indicate dissolution of anhydrite (Anh). Since the resulting porosity was not occluded by any 
other diagenetic phases, this process is interpreted to be the last diagenetic event. [xpl, 40x] 
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Figure 36: Uninterpreted (above) and interpreted (below) oxygen and carbon isotope crossplot for all 
dolomite and calcite samples of the A2C interval. Green rectangle indicates isotopic composition of 
carbonates precipitated from late Neoproterozoic seawater. Reflux dolomitisation (1) of precursor 
limestone leads to a shifts towards higher δ18O and δ13C. Recrystallisation (2) during progressive 
burial leads to a return to lower δ18O. Recrystallisation and cementation influenced by thermal 
decarboxylation (3) leads to negative δ13C and relatively depleted δ18O. Alternatively, meteoric 
diagenesis could have lead to local depletion of the δ18O and δ13C signal. Replacement of dolomite by 
calcite and calcite cementation during intermediate and deep burial (4) leads to a low δ18O and δ13C 
values in calcite. Thermochemical sulphate reduction (TSR) can be ruled out due to the lack of highly 
depleted δ18O and δ13C. 
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Figure 37: Oxygen and carbon isotope cross-plot for A) Replacive dolomite and dolomite cement. 
Individual data points are colour-coded with respect to wells. B) Replacive calcite and calcite cement. 
Individual data points are colour-coded with respect to calcite type sampled in the A2C interval. Green 
rectangle indicates isotopic composition of carbonates precipitated from late Neoproterozoic seawater. 
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3.3 Isotopes 
3.3.1 13C and 18O in carbonates 
The carbon and oxygen isotopes of totally 128 dolomite and calcites samples from Field E and 
G were measured. Different types of cements (pores, fractures and tension gashes) and 
replacive phases (crystal sizes and textures) were sampled. For dolomite, the mean δ13C is 
2.1+1.0 ‰ V-PDB and the mean δ18O is -2.4+1.0 ‰ V-PDB (1s; n=124). The carbon isotope 
values for dolomite cements and matrix largely overlap, with a tendency towards lighter δ13C 
values in pore-filling (1.8+0.7 ‰ V-PDB, n=7) and heavier values in fracture-filling cements 
(2.7+0.3 ‰ V-PDB, n=3) compared to replacive dolomite (2.3+0.6 ‰ V-PDB, n=109). The bulk 
of the δ13C values are positive, with the notable exception of four isotope values from well E-
4H1 (Fig. 37). The oxygen isotope values for dolomite cements and matrix largely overlap, with 
a tendency towards lighter δ18O values in pore-filling (-2.8+0.5 ‰ V-PDB, n=7) and in fracture-
filling cements (-3.0+0.3 ‰ V-PDB, n=3) compared to replacive dolomite (2.5+0.8 ‰ V-PDB, 
n=109). All except one sample from well G-4H1 show negative δ18O values ranging from -0.2 
to -4.1 ‰ V-PDB (Fig. 37). For calcite, the mean δ13C is 1.4+0.6 ‰ V-PDB and the mean δ18O 
is -4.6+2.2 ‰ V-PDB (1s; n=26), with a total range from 0.5 to 2.5 ‰ V-PDB and -1.5 to -10.5 
‰ V-PDB respectively. The green rectangle in Figs. 36 and 37 indicate the stable isotope 
composition of carbonates precipitated from Late Neoproterozoic seawater (Jacobsen & 
Kaufman, 1999; δ13C: ~ 2 to 4 ‰ PDB; δ18O: ~ -0.9 to -3.1 ‰ PDB). The majority of the 
measured values plots within this field, but other samples show a shift towards lighter δ13C 
values and a larger range in δ18O values.  
 
3.3.2 34S in anhydrite 
The sulfur isotopes of totally 57 anhydrite samples from Field E and G were measured. 
Different types of cements (pores, fractures and tension gashes) and replacive phases (laths, 
rosettes or nodules) were sampled. Diagenetic anhydrite (cement and nodules) from the wells 
E-4H1, E-9H2, E-11H3 and G-3H2, G-4H1 were sampled for sulphur isotope analyses 
(Fig. 38). The mean δ34S is 40.0+2.7 ‰ V-CDT (1s, n = 57) with a large range from 30.7 to 
42.9 ‰ V-CDT. Sulphur isotopes from the A2 unit of the Ara Group were previously measured 
on carbonate-associated sulphur (CAS) and diagenetic and sedimentary anhydrite (Schröder 
et al., 2004; Fike & Schröder, 2008 and 2010). Carbonate-associated sulphur is believed to 
represent the open marine sea-water signal during the time of carbonate deposition. For the 
A2C unit, δ34S CAS shows a relatively narrow range between 39.2 and 41.3 ‰ V-CDT (Fig. 38; 
Fike & Grotzinger, 2010) in contrast to the sedimentary anhydrite above and below the A2C 
unit showing a larger range of δ34S values between ~ 39 and 44 ‰ V-CDT (Fike & Grotzinger, 
2010).  
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Figure 38: Sulphur isotopes measured in samples of the A2C interval plotted against the depth. 
Individual data points are colour-coded with respect to wells. Orange rectangle indicates the A2C 
seawater signal from carbonate-associated sulphate (CAS). 
 
 
3.4 Bromine content in halite 
Schoenherr et al. (2009) noticed for the A1C unit in Minassa 1H1 that the bromine content in 
petrographically defined ‘early’ halite is higher than in ‘late’ halite. They hypothesised that the 
depletion of the bromine values in the ‘late’ halite results from dissolution of ‘early’ halite by a 
bromine depleted brine followed by reprecipitation in the burial realm. Their data further 
suggests that halite cements are on average characterised by higher bromine values than the 
sedimentary rock salts directly above or below the carbonate stringers (Fig. 39).  
The bromine content was measured on clean halite cements to (1) extend the data set of 
Schoenherr et al. (2009) for the A2C interval and (2) test the model for differentiation of ‘early’ 
and ‘late’ halite cements using the bromine content of halite cements for the A2C interval. 
‘Early’ halite cements formed before the stringers were sealed by a 30 m thick salt layer; 
whereas the ‘late’ halite cements were formed by reprecipitation of halite cements in an 
intermediate to deep burial realm. 
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Figure 39: Vertical distribution of bromine contents in halite cements of the A2C interval compared with 
measurements of Schoenherr et al. (2009). The petrographic “late” pore and vein cements of the A2C 
interval show a much higher variability than the cements of the A1C interval. 
 
The bromine contents of halite cements analysed in this study range between 31 to 237 ppm 
(Fig. 39), showing a higher variability than the A1C samples from well A of Schoenherr et al. 
(2009). The two pore cement samples of the well E-4H1 (Fig. 39) are characterised by bromine 
values (38 and 48 ppm) slightly below the bromine value measured by Schoenherr et al. 
(2009) for the underlying A1E of well I. Higher bromine contents between 117 and 237 ppm 
were measured for halite cements in the well E-9H2 (Fig. 39). A bromine content of 69 ppm 
was determined for the only pore cement sample of the well G-4H1. The halite cements of G-
8H1 and G-3H2 vary from 31 to 225 ppm and from 112 to 176 ppm, respectively. The two 
bromine values measured by Schoenherr et al. (2009) for halite pore cements from the A2C 
unit of well B fall within the same range as the values of Field G from this study. The lowest 
bromine values of halite cements in Field G are nearly identical to the values measured by 
Schoenherr et al. (2009) for the directly overlying A3E rock salts in well Q.  
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Figure 40: Spatial distribution of bromine contents in halite cements of the A2C interval. The 
petrographic “late” vein cements show averaged higher bromine contents than the “late” pore 
cements. The highest bromine contents of halite pore cements were measured in the north of Field E 
(i.e. E-9H2). 
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3.5 Bitumen reflectance measurements 
Reservoir bitumen was observed in different textural positions: (1) as pore filling phase in 
intercrystalline and vuggy pores, (2) as part of the insoluble residue along stylolites, (3) as 
lining around anhydrite nodules and anhydrite-/ calcite-filled pores and (4) as fracture filling 
phase in microfractures. The reflectance measurements have shown that the position has only 
a negligible impact on the bitumen reflectance. This is with the exception of stylolite- 
associated bitumen that consistently showed higher reflectance values which most likely 
results from an admixture of different phases in the insoluable residue. The stylolite- 
associated bitumen was therefore not used for the calculation of the maximum burial 
temperatures. The bitumen reflectance measurement-distribution of each measured sample 
can be found in the histograms shown in chapter 8.2.4. Notice that most samples are normally 
distributed underlining the reliability of the measurements. 
 
Figure 41: Maximum burial temperatures of the A2C interval (calculated from the measured BRr values) 
from different wells of the Fields E, G and F plotted against depth. The error bars indicate the 
temperature ranges of all samples per well. Most maximum burial temperatures are only insignificant 
higher than the present-day borehole temperature (blue line; Scholten 2009, pers. comm.). The 
averaged maximum burial temperature of all Field E & G wells is 125°C. The calculated temperatures 
show no evidence for a hydrothermal event as described for the A3C interval within the well B-1H1 
(Schoenherr et al., 2007). 
The maximum burial temperatures (Tpeak burial) were calculated using the bitumen reflectance 
measurements (see chapter 8.2.4). Tpeak burial between 97 °C and 154 °C were calculated for 
samples of Field E and Field G, which fit well with the modelled temperature histories 
(chapter 8.1.4). Most samples show maximum burial temperatures which are only 
insignificantly higher than the present-day borehole temperature (Scholten 2009, pers. comm.). 
Only the wells E-4H1, E-5H1 and E-9H2 in the northern part of Field E and well G-2H1 in the 
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centre of Field G show average caclculated maximum burial temperatures exceeding the BHTs 
by 10-35 °C (Fig. 41).   
The maximum burial temperatures in Field G range between 97 °C and 154 °C (Fig. 41). The 
averaged Tpeak burial of the Field G wells is 119 °C, exceeding the present-day borehole 
temperature (BHT) at this depth by 10 °C. Maximum burial temperatures between 109 °C and 
143 °C were calculated for Field E (Fig. 41). The averaged Tpeak burial of this field is 132 °C, 
exceeding the present-day BHT at this depth by 25 °C. The averaged maximum burial 
temperature of 125 °C calculated from the data of both fields exceeds the present-day BHT at 
this depth by 17 °C. The average Tpeak burial in the F-1H1 well is 125 °C (range: 119-131 °C), 
with exceeds the present-day BHT at this depth by 15 °C. Assuming the present-day 
geothermal gradient of 19 °C/km, the maximum burial depth of the Field E, G and F stringers 
was ~ 800-900 m higher than at present. However, a calculation based on the present-day 
geothermal gradient (Scholten 2009, pers. comm.) might overestimate the maximum burial 
depth, since the Cenozoic heat flow in the South Oman was exceptionally low (Terken et al., 
2001).  
The maximum burial temperatures determined in this study show no evidence for any 
hydrothermal event as described by Schoenherr et al. (2009), who determined maximum 
temperatures up to 400 °C for the A3C interval of the well B-1H1. 
 
 
3.6 Core and Borehole-image data 
Salt tectonic movements within the study area which started already in the early Cambrian with 
deposition of the siliciclastic Nimr Group continued during the lower part of the Haima 
Supergroup (Mahatta Humaid Group) and ended when salt rise could not keep pace with the 
massive sedimentation of the early Ordovician Ghudun formation led to an extensively 
deformation (i.e. folding, fracturing, faulting) of the stringer (Al-Barwani & McClay, 2008). 
Different types of folding and related fracture patterns can be expected depending on the 
structural position within the stringer with respect to the position to the so-called siliciclastic 
pods. 
This chapter therefore contains a detailed description of core-based fracture patterns including 
their fill and combined with borehole image data (BHI), which is of importance to evaluate the 
stringer deformation and their influence on fracture as well as matrix diagenesis. 
Furthermore, the principal stress orientation of the possible recent stress field was inferred 
from compressional borehole breakouts and drilling induced/enhanced fractures. Since 
present-day in-situ stresses are of importance for the stability of the borehole depending on the 
rock properties but might also have implications on the aperture of natural fractures, its 
understanding might be of interest for fluid flow and therefore for further well planning. 
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3.6.1 Fracture patterns 
The seismic interpretation of the stringer indicates a generally intensively fractured A2C 
interval with radial fracture patterns around the NE-SW oriented axis of the 1st generation 
minibasin in the central part of the study area (Fig. 1), which fit well with the interpretation of 
the BHI’s as well as with the core description.  
 
3.6.1.1 BHI-fracture data 
The interpretation of the BHI’s furthermore indicate that wells located within the bulge anticline 
of Field G show generally higher fracture densities than Field E (chapter 8.1.1.6), although 
both fields show similar median values of around 0.3 fractures per metre and although the 
overall highest fracture density of 1.9 fractures per meter was measured within the well E-2H1 
(Figs. 42 - 44). 
The total BHI-fracture densities of Field G range from 0.17 fractures per metre (G-8H1) to 0.61 
fractures per metre (G-1H3), whereas the total BHI-fracture densities in Field E range from 
0.14 fractures per metre (E-3H1) to 1.90 fractures per metre (E-2H1). Partly mineralized 
fractures are overall the dominant fracture type within most wells of both fields. Only the wells 
G-1H3 and E-2H1 are dominated by non-mineralized fractures, even if this fracture type is 
often negligible in most other wells. Although totally mineralized fractures are not the dominant 
fracture type within the study area, show all wells of both field generally remarkable fracture 
densities of mineralized BHI-fractures (Fig. 42 and chapter 8.1.1.6). 
The fracture densities of mineralized BHI-fractures range in Field G from 0.05 fractures per 
metre (G-2H1) up to 0.17 fractures per metre (G-1H3) with a median value of 0.09 fractures 
per metre. Field E in contrast shows in average 0.14 mineralized fractures per metre, whereas 
the fracture densities range from 0.06 fractures per metre (E-3H1) up to 0.37 fractures per 
metre (E-2H1). The median fracture density of the well B-1H1 is 0.02 fractures per metre 
(Fig. 42). 
The fracture densities of partly mineralized BHI-fractures range in Field G from 0.00 fractures 
per metre (G-1H3) up to 0.42 fractures per metre (G-4H1) with a median value of 0.20 
fractures per metre. Field E in contrast shows in average 0.10 partly mineralized fractures per 
metre, whereas the fracture densities range from 0.00 fractures per metre (E-2H1) up to 0.23 
fractures per metre (E-1H2). The median fracture density of partly mineralized fractures within 
well B-1H1 is 0.23 fractures per metre (Fig. 43). 
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Figure 42: Mineralized BHI-fractures of different wells within the study area plotted in a equal area 
Schmidt-Net (stereographic projection of the lower hemisphere), color-coded according to the vertical 
position within the stringer. Purple to blue colors indicate a position in the upper part of the stringer, 
whereas yellow to red colors indicate a position in the lower part of the stringer. The fracture density 
within each well is indicated below each stereographic projection. The map in the centre of the picture 
indicates the dip direction of the mineralized BHI-fractures within the entire A2C stringer interval. 
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Figure 43: Partly mineralized BHI-fractures of different wells within the study area plotted in a equal 
area Schmidt-Net (stereographic projection of the lower hemisphere), color-coded according to the 
vertical position within the stringer. Purple to blue colors indicate a position in the upper part of the 
stringer, whereas yellow to red colors indicate a position in the lower part of the stringer. The fracture 
density within each well is indicated below each stereographic projection. The map in the centre of the 
picture indicates the dip direction of the partly mineralized BHI-fractures within the entire A2C stringer 
interval. 
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Figure 44: Non-mineralized BHI-fractures of different wells within the study area plotted in a equal area 
Schmidt-Net (stereographic projection of the lower hemisphere), color-coded according to the vertical 
position within the stringer. Purple to blue colors indicate a position in the upper part of the stringer, 
whereas yellow to red colors indicate a position in the lower part of the stringer. The fracture density 
within each well is indicated below each stereographic projection. The map in the centre of the picture 
indicates the dip direction of the non-mineralized BHI-fractures within the entire A2C stringer interval.  
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The fracture densities of non-mineralized BHI-fractures range in Field G from 0.00 fractures 
per metre (G-2H1) up to 0.45 fractures per metre (G-1H3) with a median value of 0.01 
fractures per metre. Field E in contrast shows in average 0.10 non-mineralized fractures per 
metre, whereas the fracture densities range from 0.00 fractures per metre (E-1H2) up to 1.53 
fractures per metre (E-2H1). The median fracture density of non-mineralized fractures within 
well B-1H1 is 0.00 fractures per metre (Fig. 44). 
Non-mineralized fractures are as mentioned before the dominant fracture type within the well 
G-1H3, that were mapped over the entire A2C interval, in contrast to the mineralized fractures 
within this well, which occur preferentially in the upper half of the stringer (Figs. 42 - 44 and 
chapter 8.1.1.6). Nearly all other studied wells of Field G are dominated by partly mineralized 
fractures, followed by mineralized fractures, that preferentially occur in the upper half of the 
stringer, although selected wells such as G-4H1 or G-2H1 show additionally a high fracture 
density the lower part of the A2C interval. Low fracture densities were generally mapped within 
the central part of the wells (Figs. 42 - 44 and chapter 8.1.1.6). 
Most wells of Field E are also dominated by (partly) mineralized fractures, but show in contrast 
the highest fracture densities of (partly) mineralized fractures in the central to lower half of the 
stringer, with exception of well E-2H1, which is the second well dominated by non-mineralized 
fractures. These non-mineralized fractures are again mapped over the entire A2C interval, in 
contrast to the mineralized fractures, which also preferentially occur in the lower half of the 
stringer (Figs. 42 - 44 and chapter 8.1.1.6). 
The maps presented in Figures 42 - 44 indicate the dip directions of all three fracture types 
within the A2C interval at the position of the well. Overall, the fracture types show no preferred 
dip direction at similar structural positions but differ from well to well. And even within a well the 
dip directions are no uniform, but differ over the entire interval. Systematic changes of dip 
directions with depth are not obvious. Hence, the different dip directions within a well might 
indicate different types of fractures probably formed by different mechanisms and during 
different times.  
Therefore the mineralized, partly mineralized and non-mineralized fractures were during this 
study furthermore classified with regard to their formation mechanism by using the orientation 
of the fracture and the crosscutting relationship between fractures and bedding planes 
(described in detail in chapter 2.9).  
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Table 2: Overview table indicating the spatial and vertical distribution patterns of the different fracture 
types within the studied A2C interval. 
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3.6.1.2 Types of fractures 
Different types of fractures, shear as well as extension joints, were recognized during core 
description, based on their orientation and crosscutting relationship with bedding planes (see 
chapter 2.9).  
Strike-parallel extension joints are common within Field G, preferentially in the upper half of the 
stringer forming the outer arc of the bulge anticline (Table 2 and chapter 8.1.1.6). However, 
this type of fracture is generally minor important within Field E, but a similar trend is indicated, 
too (Table 2 and chapter 8.1.1.6). 
Limb-transverse extension joints are generally of minor importance within the study area. No 
clear depth trend was observed. Their occurrence ranges from the upper half of the stringer 
(G-4H1, E-2H1) over the central part (G-8H1, E-3H1, E-4H1) to the lower half (G-2H1, G-3H2, 
E-2H1 and B-1H1) up to the entire stringer within the well G-1H3 (Table 2 and chapter 8.1.1.6). 
However, it should be noted, that their minor importance and their rather dispersed occurrence 
might be an effect of their steep dip that consequently leads to minor crosscuttings within a 
well. 
Shear joints forming a conjugate set on bedding planes were also recognized within the study 
area. This type of fracture is preferentially more common within Field G compared to Field E, 
but the low numbers mapped within a well generally indicate a minor importance within the 
study area. The vertical distribution trends of this fracture type also range from the upper half 
of the stringer (G-3H2, E-4H2) over the central part (G-8H1, B-1H1) to the lower half (G-2H1, 
E-2H1) up to the entire stringer within the well G-1H3 (Table 2 and chapter 8.1.1.6). However, 
the low number of fractures per well as well as the similar dispersed vertical distribution 
“pattern” might also caused by the same reason mentioned before. 
Shear joints forming a conjugate set within a layer are in contrast of importance within the 
complete study area and furthermore show clear, but surprisingly vertical distribution trends. 
This type of fracture is generally common in the upper half (G-1H3, G-2H1, G-3H2, E-2H1) and 
in the central part of the stringer (G-4H1, G-8H1 and E-4H1; Table 2 and chapter 8.1.1.6), 
although they might be expected to occur in the compressive inner arc region of a fold. 
However, only well B-1H1 indicates a preferred occurrence in the lower half of the stringer 
forming the inner arc of a fold (Table 2 and chapter 8.1.1.6). 
Bed-parallel shear joints were only very locally mapped within selected wells and are therefore 
generally of minor importance within the study area. Clear vertical distribution trends were not 
observed, even if only one fracture per well was mapped in the central parts of the wells G-
1H3, G-4H1 and G-8H1 (Table 2 and chapter 8.1.1.6). However, it should be noted that all 
bed-parallel shear joints were mapped within wells of Field G. 
Thrusts were also mapped within the study area, but are generally of minor importance within 
the study area. Only one thrust per A2C interval was recognized within the wells G-8H1 (in the 
lower part) and B-1H1 (in the central part) and additionally a few within the central part of the 
well E-3H1 (Table 2 and chapter 8.1.1.6). Even if a “preferred” occurrence in the lower (to 
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central) part of the north-eastern part stringer is indicated, the number of thrusts is too small to 
call it a clear vertical distribution trend. 
 
3.6.1.3 Fracture cementation 
Different cement phases within fracture porosity were mapped during core description. Overall, 
the core description- and core photo-based fracture densities confirm the results of the BHI-
fracture densities, that Field G generally is more intensively fractured than Field E, even if the 
absolute highest density was again mapped in Field E, i.e. well E-6H2 with a fracture density of 
4.36 fractures per metre (Table 3 and chapter 8.1.1.7). 
However, the most common cement phase in fracture porosity is reservoir bitumen (Table 3 
and chapter 8.1.1.7), but it should be noted that many reservoir bitumen-filled fractures are 
often only micro-cracks with generally low apertures. Reservoir bitumen is a cement phase that 
either occurs only in the lower half of the stringer (E-9H2) or preferentially in the lower part but 
additionally also in the upper half (G-3H2, G-8H1, E-5H1 or E-11H3), just in the upper half (G-
2H1, E-4H1) or even within the entire stringer (G-4H1). Hence, even if reservoir bitumen 
cementation in fracture porosity is concentrated within selected intervals (Table 3 and chapter 
8.1.1.7), preferentially in the upper or/and lower part of the stringer but not in the central part, 
no clear lateral and/or vertical distribution trend and therefore no structural control is indicated.  
Anhydrite is a further important, but not the dominant cement phase in fracture porosity within 
the study area, with exception of the overall poorly-fractured well G-1H1 (Table 3 and chapter 
8.1.1.7). Overall, anhydrite cementation in fracture porosity shows no clear vertical distribution 
pattern, only locally it seems to be controlled by the structural position within the stringer. 
Anhydrite-filled fractures range at the hinge region of a fold over the entire A2C interval (e.g. 
G-1H1, G-3H2, E-11H3), whereas anhydrite cementation in fracture porosity generally 
decrease towards the limbs, where it either occur in the upper or in the lower parts of the 
stringer (G-2H1, G-8H1, E-5H1). 
Halite is further cement phase in fracture porosity, that is only locally of importance (Table 3 
and chapter 8.1.1.7). Halite is the dominant cement phase in fracture porosity within the 
intensively fractured well E-6H2. In contrast to the previous cement phases shows halite 
fracture fill a clear structural control since halite-filled fractures preferentially occur in the 
extensive outer-arc regions of a fold, in anticlines (G-3H2, G-4H1 and E-9H2) as well as in 
synclines (E-6H2). However, it should be noted that halite-filled fractures are not present within 
each fold. The well E-11H3 for example was drilled into the hinge region of a fold, but lacks 
halite-filled fractures.  
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Table 3: Overview table indicating the the ranking of the different fracture fills within each well, the 
fracture densities of each cement phase per well and their preferred vertical occurrence. The total 
fracture density of the entire stringer interval of each well is shown on the left side. Furthermore, the 
structural position of each well is indicated by the cross sections shown of the left. 
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Calcite is a further cement phase in fracture porosity, that is only locally of importance (Table 3 
and chapter 8.1.1.7). Overall, more calcite-filled fractures were found within Field G, especially 
in the most northern wells G-4H1 and G-8H1, than in Field E, where it partially lacks 
completely, such as within E-4H1, E-9H2 or E-11H3. Calcite cementation of fracture porosity 
seems also be controlled by the structural position within the stringer, since calcite-filled 
fractures were preferentially found within the inner arc regions of a fold (e.g.G-2H1, G-4H1, G-
8H1, E-4H1 and E-6H2). However, it should be noted, that calcite cement in fracture porosity 
was locally also found within the outer arc regions of selected folds (G-3H2 or B-1H1) or lacks 
completely (G-1H1). 
Only a low percentage of non-mineralized, present-day open fractures were found on core 
material of the studied wells, even if this fracture type is the dominant fracture type within the 
well B-1H1 (Table 3 and chapter 8.1.1.7). Furthermore, lightly increased fracture densities of 
present-day open fractures were found on cored of the wells G-2H1, E-5H1 and E-6H2. 
However, even if this fracture type is of minor importance within the study area, it seems that 
its vertical distribution is controlled by the structural position within the well. Most present-day 
open fractures were mapped in the outer arc regions of folds (Table 3 and chapter 8.1.1.7). 
Dolomite as cement phase in fracture porosity is overall negligible within the study area and is 
lacking in nearly each analysed well (Table 3 and chapter 8.1.1.7). 
 
3.6.2 Breakouts 
Breakouts are features that form after drilling as a result of in-situ stress-related borehole 
deformation. Maximum horizontal stresses of the present-day stress field causes an elongation 
of the borehole, leading to an oval shape of the borehole with the long axis oriented parallel to 
the minimum horizontal stress (Bell & Gough, 1979; Zoback et al., 1985). Stress within the 
borehole is concentrated at the tips of this axis. When the stresses within this part of the 
borehole exceed the strength and compressive failure of the borehole, intersecting conjugate 
shear planes develop causing a collapse of the borehole (so-called breakouts) in direction to 
the minimum horizontal stress (Bell & Gough, 1979; Zoback et al., 1985; Zheng et al., 1989; 
Bell, 1990).  
In this study, breakouts were only found in Field G (Fig. 45), but it should be noted that BHI-
data was not available for each well of the study area. The strike of the breakouts is not 
uniform but depends on the position within the stringer with respect to the position of the 
central minibasin. Breakouts within the wells located to the west of the central, 1st generation 
minibasin (i.e. G-1H1, G-2H1 and G-4H1) strike NE-SW and therefore parallel to the strike of 
the bulge anticline. The breakouts within the well G-3H2, located in the SW of the central 
minibasin strike NNW-SSE which also represent the strike of the bulge anticline.  
The vertical distribution of breakouts within a well is displayed on the right of Figure 45. Since 
all wells are located close to the axial plane of a bulge anticline, the highest principal 
compressive stresses can be expected in the inner arc of the anticline and therefore in the 
lower part of the well, which is indeed in accordance with the mapped breakouts. Breakouts 
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within the wells G-1H1, G-2H1, G-3H2 and G-4H1 were preferentially found in the lower parts 
of the wells.  
 
3.6.3 Drilling induced & enhanced fractures 
Other features to infer the principal stress orientation of the recent stress field are drilling 
induced/enhanced fractures. Drilling induced fractures belong to the group of non-mineralized 
fractures and form sub-parallel to the borehole axis. This slightly inclined features form after 
drilling as a result of an in-situ stress-related borehole deformation, which leads to an 
elongation of the borehole shape with extension at the tips of the short axis. When tensile 
failure of the borehole wall is exceeded, so-called drilling induced fractures start to form in 
direction of the maximum horizontal stress (Aadnoy, 1990). Drilling enhanced factures, also 
called hydraulic fractures, are artificial fractures that belong to the group of partly mineralized 
fractures and form during or after drilling as a reaction to the present-day in-situ stresses. They 
result from a pressure increase within the borehole (e.g. by hydraulic stimulations or by the 
weight of the drilling mud) that either open pre-existing (already cemented) fractures oriented 
parallel to the maximum horizontal stress or form a new set of nearly vertical-oriented fractures 
that have similar orientations than the recent maximum horizontal stresses. 
 
Drilling induced and enhanced fractures were in contrast to breakouts found in both fields, in 
Field G as well as in Field E (Fig. 45). Drilling induced fracture within the well E-2H1 are 
oriented WNW-ESE, in contrast to the NNE-SSW orientation of the drilling enhanced fractures. 
Even if drilling induced fractures were also found within the wells G-8H1 and G-2H1, no drilling 
enhanced fractures were found in Field G. The drilling induced fractures within the well G-8H1 
are oriented SSE-NNW (and minor also SSW-NNE), whereas a SE-NW orientation was 
mapped within the well G-2H1. 
The vertical distribution of the drilling induced/enhanced fractures is shown on the right of 
Figure 45.  The drilling induced fractures found in well G-2H1 were mapped in the central part 
of the A2C interval, in contrast to the wells G-4H1 and E-2H1, where they were found in the 
upper part of the interval. 
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Figure 45: Vertical distribution and orientation of breakouts and drilling induced/enhanced which might 
indicate the recent in-situ stress field. The orientation of the breakouts that form perpendicular to the 
direction of the maximum horizontal stress is indicated on the upper map, whereas the orientation of 
drilling induced and enhanced fractures that form in direction of the maximum principal horizontal 
stress is shown on the lower map. Mean orientation per well is shown within the tables, whereas the 
values between brackets therein indicate the 95%-confidence interval. The vertical distribution within 
different wells of the study area as well as its structural position is shown on the right. 
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3.6.4 Stylolites 
Stylolites, one of the most prominent feature of pressure solution (chemical compaction), are 
often characterised by (1.) reduction of porosity and permeability, either by changing packing 
density but also by local re-precipitation of dissolved material, which might therefore act as 
barriers for hydrocarbons and other migrating fluids (e.g. Stockdale, 1922; Dunnington, 1967; 
Manus & Coogan, 1974; Fabricius & Borre, 2007), (2.) a volume loss of the reservoir up to 
63 % (e.g. Safaricz & Davison, 2005; Heydari, 2000), (3.) a concentration of organic matters 
along the stylolites which might play a crucial role in hydrocarbon generation (Leythaeuser et 
al., 1995) or (4.) as conduits for (dolomitizing Mg-rich) fluids controlling the dolomitisation 
process (Miller & Folk, 1994). Pressure solution is therefore of great economic importance for 
hydrocarbon exploration and production, reservoir modelling and characterisation as wells as 
for the geological storage of CO2. 
However, stylolites are three-dimensional columnar or cone-shaped dissolution surfaces that 
preferentially form in carbonates (e.g. Stockdale, 1922; Bathurst, 1981; Buxton & Sibley, 1981) 
and sandstones (Young, 1945: Heald, 1955) but also in other lithologies such as shales 
(Wright & Platt. 1982), cherts (Bushinskiy, 1961; Ilijima et al, 1979 or Cox & Whitford Stark, 
1987) or coals (Stutzer & Noel, 1940) in diagenetic to low-grade metamorphic environments 
(e.g. Wanless, 1979; Green, 1984; Marshak & Engelder, 1985) at temperatures of 20-400°C 
(Gratier, 1987). The dissolution surface is often traced by an accumulation of clay, oxides 
and/or organic matter (Buxton & Sibley, 1981) which is either interpreted as a residuum of non-
soluble material (e.g. Rutter, 1983) or as authigenic minerals precipitated from a fluid that 
percolated along the stylolite (Thomas et al., 1993; Ebner et al., 2010). Stylolites form 
perpendicular to the direction of the maximum compressive stress which may either originate 
from loading of the overburden or from tectonic compression (Dunnington, 1967; Engelder et 
al., 1981; Andrews & Railsback, 1997). These stresses are concentrated at grain-to-grain 
contacts leading to dissolution processes at these points (intergranular pressure solution – 
IPS) due to the fact that selected solids under stress show higher solubilities than stress-free 
solids (de Boer, 1977; Choquette & James, 1987; Tucker, 1991). By ongoing dissolution the 
stressed parts become successively supersaturated with respect to the minor stressed parts of 
the crystal/rock creating a chemical potential gradient. Diffusion through a few water molecules 
thick strongly absorbed grain boundary water film formed at the stressed contacts of the 
crystals, transport the solvents along this chemical potential gradient into undersaturated parts 
of the crystal/rock or into the solution-filled pore system of the rock, where it either reprecipitate 
in zones of minimum stresses or is redistributed by advective fluid flow (Weyl, 1959; Durney, 
1972, 1976; Rutter, 1976, 1983; Robin, 1978; Geise & Sansone, 1981; Engelder, 1984; 
Choquette & James, 1987; Hickmans & Evans, 1995). The enrichment of swelling clay 
minerals within the dissolution residuum accelerate the lateral diffusion transport of solvents 
and thus the dissolution process because of their many water layers which act as ideal 
diffusion pathways (de Boer, 1977; Fabricius & Borre, 2007). Stylolite growth are treated as 
“anticracks” (Fletcher & Pollard, 1981) describing a process where stress is concentrated near 
the tips around an ellipsoid (Cosgrove, 1976; Katsman, 2010), leading to dissolution within 
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these two zones of maximum compressive stress and finally to a consequent sideway growth 
of the stylolite (Gratier, 1987; Braithwaite, 1986; Aharonov & Katsman, 2009). 
Since stylolites form perpendicular to maximum compressive stress their orientation and 
especially their “teeth”-like peaks are a useful tool to infer the direction and in recent studies 
also the magnitude of the local (paleo)stress (Moore, 1989; Stel & de Ruig, 1989; Petit & 
Mattauer, 1995; Koehn et al., 2007; Ebner et al., 2009, 2010a/b). The orientation of the stylolite 
plane relative to bedding but also the morphology of the contact surface was in previous 
studies often used for stylolite classification (e.g. Wanless, 1979; Railsback, 1993c; Andrews & 
Railsback, 1997; Trurnit, 1968). In undeformed rocks, burial-related stylolites formed by the 
weight of the overburden should be oriented parallel to bedding in contrast to oblique or 
perpendicular to bedding oriented stylolites which are interpreted to be of tectonic origin (Park 
& Schot, 1968; Railsback & Andrews, 1995). 
The thickness of the material dissolved along a stylolite can be estimated by five measures 
described by Tada & Siever (1989): (1.) the maximum height of a stylolite column (Stockdale, 
1926; Heald, 1955; Bathurst, 1971) (2.) the condensation of heavy minerals along a stylolite 
seam (Young, 1945; Heald, 1955) (3.) the thickness of stylolite seam (Stockdale, 1926; Heald, 
1955; Barrett, 1964) (4.) the displacement of pre-existing veins (Conybeare, 1949; Bushinkiy, 
1961; Wachs & Hein, 1974) (5.) the reconstruction of truncated fossils or oolites (Buchinskiy, 
1961; Wachs & Hein, 1974; Railsback, 1993b; Heydari, 2000). 
 
The formation of stylolites, their style and the rate of pressure solution as well as the 
reprecipitation of the solvents is driven by several factors described in detail by Buxton & 
Sibley (1981), Choquette & James (1987), Tada & Siever (1989) and references therein:  
1) Burial depth controlling the lithostatic and therefore the effective pressure as well as 
the temperature responsible for the (often reverse) solubility of the solid/solvents as 
well as for in- or decreased dissolution-, diffusion- and precipitation-rates. 
2) Tectonic stresses enhance the effective stresses and hence the solubility of the solid. 
3) Pore fluid pressure counteracts the lithostatic/tectonic stresses. 
4) Type of pore fluid (water, oil or gas) and chemistry of the pore fluid (Mg2+, PO43-, NaCl 
concentration or CO2 saturation) either inhibit or promote the chemical 
compaction/precipitation. 
5) Grain size & sorting controlling the style of pressure solution, the solubility of the solid 
as well as the rate of diffusion. 
6) Grain mineralogy controlling the solubility of the solid. 
7) Porosity and permeability controlling the competency of the host rock which might 
affect the solubility of the solid as well as the diffusive and adjective fluid transport 
velocity changing the rate of dissolution. 
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8) Grade of cementation controlling the porosity and permeability responsible for the 
diffusive and adjective fluid transport velocity as well as the competency of the host 
rock which might affect the solubility of the solid. 
9) Clay content controlling the competency of the host-rock which might affect the 
solubility of the solid as well as the rate of diffusion and style of the solution interface. 
10) Content of organic matter might control the acidity of the pore fluid promoting the 
solution of the host-rock. 
11) Lithological heterogeneity controlling the competency of the host-rock which might 
affect the solubility of the solid as well as the roughness of the solution interface. 
12) Structural position might control the tectonic and hence effective stresses and 
therefore the rate of pressure solution. 
13) Rate of fluid flow controlling the removal of solvents and hence the rate of dissolution 
as well as precipitation. 
Experimental works (e.g. de Boer et al., 1977; Baker et al., 1980; Shinn & Robin, 1983; Gratier 
& Guiguet, 1986; Dewers & Muhari, 2000; Hellman et al., 2002; Liteanu & Spiers, 2009; Zhang 
et al., 2002, 2010a/b or Zhang & Spiers, 2005a/b) and in recent years also computer models 
(e.g. Andrews & Railsback, 1997; Koehn et al., 2007; Katsman, 2010) contribute in the 
understanding which factors control the growth of a stylolite.   
 
 
3.6.4.1 Different generations of stylolites 
Stylolites formed by the weight of the overburden are often reported as the first diagenetic 
product below near-surface diagenesis and are therefore often used as a time marker for the 
beginning intermediate burial diagenesis (e.g. Machel, 1999). But the onset of stylolite 
formation is often discussed controversly. Some authors favour tens of metres (Flügel, 2004), 
whereas others favour burial depths of around 500-1000 m (Dunnington, 1967; Sellier, 1979; 
Lind, 1993). In contrast to these burial-related stylolites were tectonically induced stylolites only 
in a few studies used as an additional diagenetic time marker in the burial realm (e.g. Breesch 
et al., 2007). 
However, different stylolite orientations relative to bedding were also recognized in this study 
probably indicating different generations of stylolites formed during different stages of burial 
(Figs. 46 - 48). Understanding the (timing of) stylolite formation is therefore of importance if 
stylolites should be used as time markers that help to narrow the formation time of other 
diagenetic products. 
The first set of stylolites is oriented parallel to bedding, whereas the bedding shows a dip 
(Figs. 46 - 48). This might indicate that this type of stylolite might have formed by the weight of 
the overburden in pre-salt tectonic times or in initial stages of salt tectonics, where the stringer 
was not much deformed. 
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Figure 46-48: Different generations of stylolites observed on core material. 
1) E-4H1 (4797.40 m): Reservoir bitumen-lined stylolite oriented parallel to the tilted lamination. 
Due to the similar dip of stylolite and lamination, this stylolite was interpreted as a stylolite most 
likely formed by the weight of the overburden in pre-salt tectonic times or in intital stages of salt 
tectonics, which was afterwards tilted by stringer folding in salt tectonic times. 
2) E-4H1 (4805.87 m): Stylolite with reservoir bitumen-lining oriented parallel to the smooth dipping 
lamination. Due to the similar dip of stylolite and lamination this stylolite was interpreted as a 
stylolite most likely formed prior or in intial stages of salt tectonic. Note the anhydrite-filled 
tension gashes (upper arrows) and anhydrite-filled fracture merging into the stylolite (lower 
arrow) which likely were formed during pressure solution. 
3) G-2H1 (4920.98 m): Reservoir bitumen-lined stylolite oriented parallel to the tilted lamination. 
Due to the similar dip of stylolite and lamination this stylolite was interpreted as a stylolite 
formed by the weight of the overburden most likely in pre- or initial stages of salt tectonics. Note 
the anhydrite-filled fracture which merges into the stylolite and the amount of replacive anhydrite 
nodules above the stylolite. Dissolution along the stylolite might increase the Mg/Ca ratio within 
the pore fluids leading to precipitation of or replacement by anhydrite. 
4) C-7H1 (4393.50 m): Two generations of stylolites: in the upper part a “NW-SE”-oriented stylolite 
which dip in opposite direction to the above the stylolite “NE-SW”-oriented lamination (see upper 
right corner) and in the lower part of the picture a stylolite oriented parallel to the below the 
stylolite “ENE-WSW”-dipping lamination. Due to the similar dip of stylolite and lamination the 
lower stylolite was interpreted as a stylolite possibly formed prior or in initial stages of salt 
tectonics. The crosscutting relationship of the upper, present-day not horizontal oriented stylolite 
in contrast indicate that the stylolite most likely has to be formed by bending stresses possibly 
during salt tectonic deformation or by bending stresses induced by a possible sinking of the 
stringer in post-salt tectonic times. Note that the calcite-filled fracture was partially dissolved 
along the upper stylolite but cut the lower stylolite without offset. Hence, the fracture is older 
than the upper stylolite but younger than the lower stylolite, which is conform to the age 
interpretation of the stylolites. Based on these observations the calcite-filled fracture has to be 
formed after the stringer was buried to a depth of 500 - 1000 m but earlier than the end salt 
tectonic. This crosscutting relationship therefore can be used as a time marker which 
contributes to understand the timing of fracture formation. 
5) C-7H1 (4409.57 m): A nearly vertical dipping stylolite with reservoir bitumen-lining which 
crosscut the smoothly dipping lamination. The very smooth dip of the lamination indicates that 
the stringer was during salt tectonic not strongly tilted at the position of the well (considering that 
the borehole has a nearly vertical orientation). For burial-related stylolites formed by the load of 
the overburden a nearly horizontal orientation can be expected, but the orientation of the 
stylolite shown on the picture indicates that the main stress direction was nearly horizontal (σ1). 
According to the model of stylolite generations (Fig. 85) this stylolite was interpreted as a 
stylolite that might have formed by bending stresses during/after salt tectonic times.  
6) E-6H2 (4735.80 m): A nearly vertical oriented, reservoir bitumen-lined stylolite which crosscut 
the horizontal oriented lamination. This stylolite was also interpreted as bending stress-related 
for the same reasons described before. Notice the halite fill within the stylolite. The favoured 
explanation is opening of the stylolite during ongoing bending of the stringer followed by a phase 
of halite cementation. Another explanation might be that the dissolution residuum as well as the 
surrounding rock matrix was during further diagenesis replaced by halite, whereas the stylolite 
might act as a barrier for halite-saturated brines. 
7) G-2H1 (4981.50 m): Diagonal oriented stylolite with reservoir bitumen-lining which contain 
tension gashes with fibrous anhydrite-fill (especially in the centre of the picture). This present-
day not horizontal-oriented stylolite was interpreted as a stylolite most likely formed by bending 
stresses during salt tectonic or by in post-salt tectonic times due to the fact that the stylolite and 
the lamination show different dip directions. Note the different dips of lamination (above and 
below the stylolite), most likely result from different dissolution rates along the stylolite leading to 
a dissolution-related rotation of the surrounding material. 
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8) G-4H1 (5012.40 m): Nearly vertical oriented stylolite with reservoir bitumen lining at the bottom 
of a core. The steep dip of the bedding as well as the crosscutting relationship to the bedding 
indicates a most likely formation during salt tectonic times. Note the amount of anhydrite related 
to the stylolite (upper right corner of the picture). This feature might either have formed by a 
partially along the stylolite dissolved anhydrite nodule or by dissolution processes along the 
stylolite leading to an increased Mg/Ca ratio within the pore fluids and finally to precipitation of 
anhydrite within the partially opened stylolite or to replacement of the surrounding matrix by 
anhydrite. 
9) G-4H1 (5015.75 m): A pair of present-day horizontal oriented stylolites both lined by reservoir 
bitumen. Based on their present-day orientation they were classified as stylolites most likely 
formed in post-salt tectonic times caused by ongoing sedimentation onto the deformed rock salt. 
Note that both stylolites offset the calcite-filled fracture and therefore it has to be formed prior to 
the stylolites. This crosscutting relationship thus can be used as a further diagenetic time 
marker. 
10) E-4H1 (4792.45 m): A diagonal “NW-SE”-oriented stylolite (upper part of the picture) which was 
partially dissolved by a present-day slighty inclined, nearly horizontal-oriented stylolite (lower 
part of the picture). Hence the diagonal oriented stylolite has to be formed prior to the slightly 
inclined stylolite. Note that only the slightly inclined stylolite shows anhydrite-filled tension 
gashes which indicate a further phase of anhydrite cementation.  
11) E-4H1 (4838.57 m): A present-day horizontal oriented stylolite which is crosscutted by an 
anhydrite-filled fracture merging into a large-scaled anhydrite nodule. Dissolution along the 
stylolite might lead to tensile stresses within the surrounding rock and hence to the formation of 
a so-called tension gash. Pressure dissolution along the stylolite might be the source for pore 
fluids oversaturated with Ca2+ which finally led to anhydrite precipitation within the tension gash 
and further to a replacement of the surrounding matrix by anhydrite. The formation time of the 
stylolite could not securely be identified since the orientation of lamination and hence the 
crosscutting relationship with the stylolite is not clearly shown on the image section (either ‘pre-
salt tectonic’ or ‘post-salt tectonic’).  
12) E-4H1 (4788.52 m): A pair of present-day horizontal oriented stylolites showing both an 
enrichment of insoluble residue. Since the orientation of the lamination can not clearly be 
identified on the shown image section, the stylolite can either be formed in pre-salt tectonic or in 
post-salt tectonic times. A formation during salt tectonic can be excluded due to the missing dip 
of both stylolites. 
 
A second set of stylolites is characterised by horizontal oriented stylolites found in present-day 
also horizontal oriented beds (Figs. 46 - 48). This type of stylolite might also have formed by 
the weight of the overburden, but their formation time can not precisely determined since these 
parts of the stringer were not deformed during salt tectonics. Hence this set of stylolite may 
either have formed prior, during or after salt tectonics. 
The third set of stylolites is oriented oblique or perpendicular to bedding, but their present-day 
orientation is not horizontal (Figs. 46 - 48). Their oblique to perpendicular orientation might 
indicate that bending stresses and not the load of the overburden was the driving force for 
stylolite growth. Since the stringer was bended in salt tectonic times but probably also in post-
salt tectonic times, related to sinking of the stringer, the formation time can not precisely be 
determined. Hence they might either have formed during salt tectonic or in post-salt tectonic 
times. 
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The stylolites of the fourth set are present-day oriented horizontal, but the bedding shows a dip 
(Figs. 46 - 48). This type of stylolite might have formed by the weight of the overburden, but 
after the stringer was deformed. Hence they might have formed in post-salt tectonic times. 
A few stylolites could not be classified by using the orientation of the stylolite relative to 
bedding, since the surrounding host-rock did not show any clear orientation, neither in the core 
nor in the geophysical borehole images (Figs. 46 - 48). These stylolites form the fifth “set” of 
stylolites with unknown age relationship. 
 
3.6.4.2 Vertical distribution trends 
However, stylolites can not only be used for age relationships but also for reservoir quality 
predictions. From core and petrographic observations it is evident that calcite-dominated 
intervals are intensively affected by stylolitisation and that these intervals are often 
characterised by a nearly completely loss of intercrystalline porosity (chapter 4.2.3). 
Understanding the spatial distribution of stylolites is therefore of importance to the 
understanding the spatial distribution patterns of calcite cements within the stringer finally 
leading to improved predictions of reservoir quality. 
The vertical stylolite distribution with respect to their age relationship, the mineralogy of the 
host-rock, lithofacies (association) and structural position is shown in chapter 8.1.1.8. In nearly 
all described wells, the stylolites are in general uniformly distributed over the complete cored 
interval. Only in a few wells, some larger sections preferentially build up by Boundstone facies 
lack of stylolites (e.g. sequence 2 of the wells E-4H1 and E-5H1).  
Calcite has a higher solubility than dolomite, which in turn has a higher solubility than anhydrite 
(Trurnit, 1968). However, no clear relationship between mineralogy of the host-rock and 
stylolite abundance was observed within the studied cores. Limestones show in general no 
higher stylolite densities. High stylolite densities were only observed in calcitic mudstone facies 
in contrast to calcitic boundstone facies where stylolites nearly lack completely (except the 
wells G-1H1 and G-2H1). However, most stylolites were found in dolostones, since this rock 
type is the dominating rock type within the study area. Only a few stylolites were found in 
rhythmic anhydrite-carbonate rocks (e.g. E-6H2). 
Stylolites, most likely formed by the load of the overburden in pre-salt tectonic times, are the 
most abundant stylolite type followed by horizontal oriented stylolites in horizontal oriented 
beds either most likely formed in pre- or post-salt tectonic times. Bending stress-induced 
stylolites might either have formed during or after salt tectonism, are less abundant. Stylolites 
most likely formed in post-salt tectonic times by the weight of the overburden are the most 
minor abundant stylolite type within the studied cores. 
Stylolites most likely formed in pre-salt tectonic times by the weight of the overburden seem to 
be more common in the upper part of the wells and abundance decreasing towards the bottom 
of the stringer. But this might be an effect of the vertical facies distribution within the wells, 
since the lower sequences of the stringer consist of Boundstones and these facies generally 
lack of stylolites as seen before. The lack of stylolites in the upper, boundstone-dominated part 
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of the well E-9H2 might confirm the model that rather facies than vertical position might control 
the formation of load-related stylolites most likely formed in pre-salt tectonic times. However, 
Field E (especially E-4H1) and the northern part of Field G (i.e. G-8H1) shows generally more 
stylolites most likely formed in pre-salt tectonic times than the southern parts of both fields and 
the central part of Field B.  
Stylolites most likely caused by bending stresses are generally more abundant in Field G than 
in Field E (with exception of the well E-4H1) which might be caused by the different fold 
patterns of both fields. Only one large bulge anticline developed in Field G, in contrast to Field 
E, where several smaller-scaled folds formed during salt tectonics. The vertical profiles 
indicate that the oblique to perpendicular to bedding oriented stylolites can not only be found in 
the compressive, inner arc of the fold but also in the normally extensive, outer arc (e.g. G-1H1, 
G-2H1, G-3H1 or G-4H1). In addition, more bending-stress induced stylolites can be found in 
Packstones than in Grain-/Packstone than in Wackstones than in Mudstones and much more 
than in Boundstones. The vertical profiles of the wells G-1H1 and G-3H2 for example indicate 
that the facies instead of the structural position is the controlling factor for the formation of this 
stylolite type. 
Horizontal-oriented stylolites in horizontal-oriented beds either formed before or after salt 
tectonics seems to show a similar vertical distribution patterns with increasing densities 
towards the bottom of the stringer (e.g. E-4H1, E-5H1, G-2H1 or G-3H2), but this trend can 
also be ruled out by the reason described before. The formation of this stylolite type also 
seems to be controlled by the facies instead of the vertical position within the stringer. 
Stylolites most likely formed in post-salt tectonic times seem to show a random vertical 
distribution, but it should be noted that the number is not high enough to establish any reliable 
distribution trends. However, it can be assumed that the facies is again the factor controlling 
the stylolite growth. 
Ignoring the age relationships of the stylolites, the vertical profiles further show no clear 
relationship between changes in (Dunham) lithology and stylolite formation as described by 
Buxton & Sibley (1981). Even if a relationship is locally indicated, such as in sequence 4 of the 
well E-5H1, other intervals, such as the Packstone packages within the well E-4H1 where lots 
of stylolites can be found even if the intervals are relative uniform, do not support their model. 
 
3.6.4.3 Stylolites generations linked to the FEM  
Since pressure solution seems to be the source of burial-related calcite cements leading to a 
nearly completely loss of PoroPerm (chapter 3.2 and 4.2.3), FEM models were calculated to 
estimate the “spatial” distribution patterns of stylolites and hence the intensity of calcite 
cementation (away from the boreholes). Since different stylolite orientations and hence 
generations were identified, the FEM’s might also be used to infer the relative timing of calcite 
cementation for different (structural) positions within the stringer. Furthermore, the FEM’s 
might be a useful tool to infer the stress distribution patterns and their orientation within the 
stringer over time, which bear crucial information for the interpretation of the (BHI-based) 
fracture patterns as well as for the interpretation of the most-likely recent in-situ stress field.  
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However, for the interpretation of the FEM models a critical principal effective stress value has 
to be chosen which is required to form first pressure solution features. This minimum principal 
value was in previous studies often derived from burial depths at which first pressure solution 
features occur, assuming that the borehole has never experienced a phase of uplift. In more 
recent studies the stress was also estimated using the roughness of a stylolite (e.g. Ebner et 
al., 2009, 2010). But overall, the minimum burial depths range from a few ten metres to several 
hundreds of metres up to thousands of metres (e.g. Tada & Siever, 1989 and references 
therein). Accordingly, the corresponding minimum principal effective stresses calculated from 
these minimum burial depths show also a wide range between 1-18 MPa (e.g. Ebner et al., 
2009; Zhang, 2010c). A compilation of stress- and depth-values found in the literature is listed 
in Tables 4 and 5.  However, the great range of these values clearly indicates that the critical 
value of principal stress depends besides to the burial depth/tectonic stress itself also on 
several other factors (s. chapter 4.2.2.2). The mineralogy of a rock for example was described 
in many previous studies as a major factor controlling the critical stress value needed to start 
the process of pressure solution (e.g. Trurnit, 1968, Railsback, 1993c or Peackcock & Azzam, 
2006). However, most studies deal with pressure solution within limestones, whereas only a 
few paid attention on pressure solution within dolostones, which is the dominant rock type 
within the study area. Already Trurnit (1968) presented a series of minerals ranked according 
to their relative solubility, indicating that dolomites need a greater depth (= higher principal 
stresses) for the beginning of pressure solution compared to calcites. A similar relationship 
was found by Railsback (1993c) who reported that dolomite has a lower susceptibility to 
pressure solution than calcite. Peacock & Azzam (2006) also concluded that there is twice as 
much pressure solution in limestones as in dolomites, because rates of pressure solution are 
lower in dolomites. However, nearly no study was found specifying the value of effective stress 
which is needed to form stylolites in dolomite. Only one study was found describing the 
occurrence of stylolites at a depth of 975-1700 m (Braithwaite, 1986).   
Overall, for the interpretation of the FEM models presented in this study, a critical principal 
effective stress of about 6 MPa (Fabricius et al., 2008) was chosen for the onset of stylolite 
formation, even if a higher critical principal effective stresses can be expected since the value 
described by Fabricius et al. (2008) was determined on chalk strata and the rocks studied in 
this study mainly consist of dolomite.  
Selected time slices of FEM models are shown in Figures 49 to 54, indicating the distribution of 
maximum principal compressive stresses as well as maximum principal effective stresses (part 
A), the Mises stresses (part B), the orientation of principal stresses of the complete model (part 
C) and an enlarged section of (C) showing the orientation of principal stresses in the 
surrounding of the stringer (part D). 
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Table 4: Compilation of pressure and depth values from literature describing the onset of pressure 
solution. 
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Table 5: Compilation of pressure and depth values from literature describing the onset of pressure 
solution. 
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Figure 49: FEM indicating the stress distribution and its orientation at the begin of salt tectonic 
(532.6 Ma). 
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Figure 50: FEM indicating the stress distribution and its orientation at the begin of salt tectonic 
(532.5 Ma). 
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Figure 51: FEM indicating the stress distribution and its orientation at the end of passive downbuilding 
of the 1st generation minibasins (528.1 Ma). 
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Figure 52: FEM indicating the stress distribution and its orientation during passive downbuilding of the 
2nd generation minibasins (516.5 Ma). 
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Figure 53: FEM indicating the stress distribution and its orientation at the end of salt tectonic 
(499.9 Ma). 
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Figure 54: FEM indicating the stress distribution and its orientation in post-salt tectonic times 
(253.4 Ma). 
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The FEM during initial stages of salt tectonics (Fig. 49, 532.6 Ma) indicate that stringers started 
already to break in very early stages of salt tectonics when the vertical displacement of the 
minibasin in the centre of the model is < 100 m. Even if the core description indicates the 
formation of bed-parallel stylolites in most likely pre-salt tectonic times or in initial stages of salt 
tectonics (Figs. 46-1 to 46-4), the FEM indicates that the principal effective stresses within 
stringers are during this stage still not high enough for stylolite growth (Fig. 49 A). However, 
the vertical-oriented maximum principal stresses within the stringer indicate that the stress 
distribution within the stringer is still controlled by the weight of the overburden (Figs. 49 C,D), 
which would most likely form stylolites oriented parallel to the bedding of the stringer, similar to 
those observed on core material (Figs. 46-1 to 46-4). 
Ongoing passive downbuilding of the 1st generation minibasins on the left side as well as in the 
centre of the model led to converged salt flow on the left side of the model as well as SE-
directed salt flow on the right side of the model. The converged salt flow led to stress 
redistribution within the stringer with increasing tectonic stresses becoming larger than 
stresses related to the weight of the overburden, especially in the central part of both stringer 
fragments (Figs. 50 C,D). As a result the stringer within these parts of the model begins to 
deform and most likely first vertical-oriented, bending stress-induced stylolites, and similar to 
those observed on the core (Figs. 46-1 to 46-4), should start to form, especially in the central 
parts of the both stringer fragments. This generation of stylolite might crosscut pre-existing, 
initially horizontal-oriented stylolites most likely formed in pre-salt tectonic or in initial stages of 
salt tectonics, leading to a crosscutting relationship similar to those observed on cores (e.g. 
Fig. 46-4). In contrast to the central parts of both stringer fragments, where already vertical-
oriented stylolites should start to form, might indicate the vertical-oriented maximum principal 
stresses at the ends of the both fragments a formation of furthermore horizontal-oriented 
stylolites (Figs. 50 C,D). However, Figure 50 A indicates that the maximum principal effective 
stresses within the stringer are still lower than the critical value of 6 MPa chosen for the onset 
of pressure solution.  
Ongoing passive downbuilding and converged salt flow on the left side of the model led to 
ongoing bending and formation of a well-developed bulge anticline within this part of the model 
in contrast to the fragment located on the right side of the central minibasin, which was only 
bended directly below the minibasin, whereas the remaining part towards the right remains 
nearly undeformed (Fig. 51, 528.1 Ma). In contrast to the time slices shown before, the FEM 
indicate that the critical principal effective stress was locally exceeded during this stage of salt 
tectonics most likely leading to stylolite growth, especially in the inner arc of the bulge-anticline 
that formed on the left side of the model (Fig. 51 A). The orientation of principal stresses within 
the left stringer fragment indicate, that the stylolites within the central part of this fragment 
should preferentially oriented oblique or perpendicular to bedding (hence bending stress-
induced), in contrast to its ends, where they should still have a nearly horizontal-oriented 
orientation (Figs. 51 C,D). Extension in the outer arc of the anticline (Fig. 51 B and enlarged 
section in Fig. 51 D) might lead to an opening of existing, former most likely vertical oriented 
stylolites formed in earlier stages of salt tectonics, which fits well with the partially opened 
stylolites observed on cores (Figs. 47-2 and 47-4). However, a different stress distribution and 
generally lower principal effective stresses that doesn’t exceed the critical stress value in great 
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parts of the stringer are indicated for the stringer fragment located on the right of the central 
minibasin (Fig. 51 A). Oblique to perpendicular to bedding oriented stylolites are only indicated 
in parts of the stringer located close to the central minibasin, whereas horizontal and hence 
overburden-related stylolite orientations are indicated for the nearly undeformed part of the 
stringer fragment on the right. 
Passive downbuilding of the 2nd generation minibasin in the eastern part of the model led to 
additional salt flow towards NW and therefore to a redistributed stress field within the stringer 
fragment located on the right of the central minibasin. Tectonic stresses, oriented parallel to 
salt flow, becomes larger than the stresses related to the weight of the overburden (Fig. 52; 
516.5 Ma) and tectonic stylolites oriented oblique to perpendicular to bedding should start to 
form, now also within the right stringer fragment (Figs. 52 C,D). Furthermore, this part of the 
stringer starts to bend as indicated by distribution of the van Mises stresses (Fig. 52 B). Since 
active deformation caused by passive downbuilding of both 1st generation minibasins already 
stopped in this stage of salt tectonics, the most likely reason for these bending stresses might 
be gravitational sinking of the stringer, especially the fragment on the left of the central 
minibasin (especially the limbs of the anticline). Sinking of the stringer with rates of up to ~ 0.2 
m/Ma (~ 2.0 * 10-7 m/a) forms new bending stresses which might lead to an ongoing formation 
of stylolites most likely oriented oblique to perpendicular to bedding (Figs. 52 C,D). 
At the end salt tectonics (Fig. 53; 499.9 Ma) the stringer fragment on the right becomes 
successively more bended caused by the left-directed salt flow, whereas fold patterns on both 
sides of the central minibasin differ. Converged salt flow formed on the left a well-developed 
bulge anticline during passive downbuilding of both 1st generation minibasins, whereas several 
more smoothly folds formed by the only left-directed salt flow in times of passive downbuilding 
of the 2nd generation minibasin. Ongoing bending of the stringer fragment on the right led to 
compression, especially within the inner arcs, and to extension in the outer arcs of the fold 
(Fig. 53 B). Tectonic stresses and hence tectonic stylolites most likely oriented oblique to 
perpendicular to bedding and similar to those shown in Figs. 46-4 to 47-4 should still be the 
dominant type, although the maximum principle effective stresses within the stringer don’t 
exceed the critical stress value. However, extension in the outer arcs of the folds might have 
additionally opened a few existing tectonic stylolites formed in earlier stages of salt tectonic 
(Figs. 53 C,D, compare to Figs. 47-2 and 47-4). Ongoing gravitational sinking of the bulge 
anticline’s limbs (total vertical displacement up to ~ 100 m) might led to increased bending 
stresses within the stringer fragment on the left, most likely leading to a ongoing formation of 
further tectonic stylolites in the compressive inner arcs of the anticline and opening of existing 
tectonic stylolites in the extensive outer arcs (Figs. 53 C,D). Please note that steepening of the 
limbs related to the ongoing salt tectonic-induced stringer deformation might rotate existing 
tectonic stylolites, which therefore could be crosscutted by younger generations of tectonic 
stylolites. 
For post-salt tectonic times a horizontally uniformly distributed vertical load was chosen, since 
interpretation of the seismic line indicates constant layer thicknesses of the overlying strata, in 
contrast to salt tectonic times, where differential loading was assumed. Following burial and 
uplift events as indicated by the burial graph shown in chapter 3.7 were simulated by changing 
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the horizontally uniformly distributed vertical load over time. However, a large-scaled salt flow 
in post-salt tectonic times is not be expected, since constant thicknesses instead of differential 
loading were assumed. Hence, the tectonic stresses within the stringer should successively 
decrease, whereas the vertical-oriented maximum principal stresses related to the weight of 
the overburden should increase over time. But in fact the FEM’s in post-salt tectonic time, as 
exemplarily shown in Figure 54 (253.4 Ma), differ from these expectations. The model 
indicates that the maximum principal stresses in large parts of the stringer are also in post-salt 
tectonic times oriented nearly parallel to bedding (Fig. 54 C,D), which would therefore form 
bending stress-induced stylolites oriented oblique to perpendicular to bedding, similar to those 
formed in salt tectonic times. However, stylolites with a present-day horizontal orientation 
formed by the weight of the overlying strata (similar to those shown in Fig. 48-1) lack in nearly 
each stage of post-salt tectonic times, although those stylolites partially crosscutting older and 
most likely tilted during salt tectonic were clearly found on core material (Fig. 48-2). Stylolites 
showing this orientation are only indicated in parts of the stringer located close to centre of the 
minibasin and additionally in later stages of the model especially in the most western parts of 
the anticline’s limb (Fig. 54 D + enlarged section). Hwoever, these parts of the stringer were 
not drilled. The nearly bedding-parallel orientation of the FEM is most likely caused by 
bending-stresses related to the possible gravitational sinking of the stringer, which especially 
affect both limbs of the anticline leading to a steepening of this anticline as well as the most 
western part of the eastern stringer and additionally the syncline between the two anticlines in 
the centre of the eastern stringer fragment (Fig. 54). This sinking-related deformation most 
likely lead to an increased compression in the inner arcs as well as to extension in the outer 
arcs leading to an ongoing opening of the most likely bending stress-induced stylolites formed 
in earlier stages of deformation or to formation of extensional fractures within the extensional 
outer arcs (Figs. 54 B-D). However, although the orientation of the maximum principal stresses 
is not much influenced by the increasing weight of the overburden, the size of the maximum 
principal compressive and therefore also the maximum principal effective stress might 
indicates an influence. Both stresses increase with depth, where the highest positions of the 
stringer (i.e. the tops of the anticlines) show also the lowest stresses (Fig. 54 A). 
In summary, the simplified FEM’s fit generally well to the geology observed within the study 
area, although deformation time was reduced proportionally to real time and pressure solution 
creep (n=1) instead of dislocation creep (n=5) was used as deformation mechanism to 
diminish to the effect of distortion. The final geometries within the FEM are similar to those 
observed within the interpreted seismic line. Furthermore, most stylolite generations with 
exception of the present-day horizontal oriented stylolites most likely formed in post-salt 
tectonic times can be explained by the orientation of the principal stresses indicated within the 
FEM’s. However, since the maximum principal effective stresses displayed within the FEM 
during salt tectonic times are often smaller than the critical stress value of beginning stylolite 
formation, it can be assumed that the maximum principal compressive and therefore also the 
maximum principal effective stresses displayed within the FEM are (during salt tectonic times) 
most likely smaller than in nature, assuming that the critical stress value for the onset of 
stylolite formation is correct and no others factors controlling the stylolite formation might lead 
to a decrease of this critical value. The most likely explanation might be a wrong assumption of 
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the (averaged) correction factor used to correct the overestimated strain rates within the 
analogue model. 
The fact that present-day horizontal oriented stylolites, most likely formed in post-salt tectonic 
times by the weight of the overburden, lack in nearly each stage of the FEM, but many were 
found in the cores might indicate that the stress distribution within the FEM do not display the 
exact geological situation (in post-salt tectonic times). Changing the salt rheology, especially 
the deformation mechanism in salt, might result in geologically more realistic models. In this 
study, pressure solution creep (n=1) was chosen as the deformation mechanism in salt, since 
dislocation creep (n=5), which was usually used in previous studies (e.g. Li et al., 2011, 2012), 
led to strong distortion within the salt, already in salt tectonic times. But modelling with 
dislocation creep (n=5) until the simulation is stopped by the strong distortion already indicate, 
that the deformation of the stringer is weaker than using pressure solution creep (n=1) as 
deformation mechanism. Accordingly, the deformation in post-salt tectonic times related to the 
possible gravitational sinking of stringer might also be weaker and therefore the bending 
stresses within the stringer should also be lower, which might lead to a stronger dominance of 
lithostatic stresses related to the weight of the overburden compared to the bending stresses. 
This again might lead to a stronger formation of present-day horizontal oriented stylolites, 
which would fit better to the observed geology than indicated by the FEM of this study using 
pressure solution creep (n=1). Therefore, the underestimation of stylolites formed in post-salt 
tectonic times by the weight of the overburden when using pressure solution creep (n=1) as 
deformation mechanism in salt might indicate that dislocation creep (n=5) might be the 
dominant deformation mechanism within in the South Oman Salt Basin (in post-salt tectonic 
times) since this deformation mechanism leads to more realistic geological models. However, 
these observations are in agreement with the results presented by Schoenherr et al. (2010) 
who found that dislocation creep is the dominant deformation mechanism during initial stages 
of diapirism (downbuilding) as well as during reactive salt diapirism along deep-rooted faults 
and changes at later stages of surface piercement to pressure solution creep. 
 
3.6.4.4 Influence of crystal size on stylolite density 
The structural position within a fold as well as the vertical position within the stringer is as seen 
before in chapter 3.6.4.2 only minor important factors controlling the stylolite formation. 
However, the vertical profiles indicate that the facies seems to be the driving force whether a 
stylolite forms or not. Therefore in this chapter the relationship between facies and stylolite 
formation should be analysed in more detail. 
The relationship between facies (Dunham class) and number of stylolites per core meter is 
shown in Figures 55 and 56, once based on all wells of Field E, once based on all wells of 
Field G and once considering all wells of Field E and Field G. For Field E a clear relationship 
between facies and stylolites density is indicated. More stylolites per meter were observed in  
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Figure 55: Distribution of stylolite densities within the different lithofacies of Field E & G, Field E and 
Field G. Note, that bending-stress related stylolites were neglected for calculation of the stylolite 
densities, due to the assumption that this type of stylolite is stronger controlled by the structural 
position within the stringer instead of the lithofacies itself. But in fact the distribution of stylolite 
densities show a similar distribution if bending-stress related stylolites were included, which might 
indicate that pressure solution is stronger controlled by the lithofacies than by the structural position. 
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Figure 56: Distribution of stylolite densities within the different lithofacies of the wells A-1H1, B-1H1, C-
7H1 and F-1H1. Note, that bending-stress related stylolites were neglected for calculation of the 
stylolite densities, due to the assumption that this type of stylolite is stronger controlled by the 
structural position within the stringer instead of the lithofacies itself.  
 
 
Mudstones than in Wackestones than in Packstones than in Grain-/Packstones than in 
Boundstone. Breccias were neglected due the fact that their clasts often consists of different 
Dunham classes. 
A similar but not such a clear relationship is indicated within the wells of Field G. Most stylolites 
per meter were found again in Mudstone facies. Light increased stylolite densities were found 
in Pack- and Wackestones, whereas Boundstones and Grain-/Packstones show similar, but 
lowest stylolite densities. Even if Breccia facies were neglected in Field E, it should be noticed 
that relatively high stylolite densities were observed within the Brp-facies of Field G, which 
might result from the lithological heterogeneities of this facies (according to Buxton & Sibley 
1981 or Andrews & Railsback, 1997). However, it is remarkable that Field E shows generally 
higher stylolite densities than Field G, which might result from the different fold patterns of both 
fields described before. 
Since both fields show similar distribution relationships, all wells of both fields were 
summarised in Figure 55. The highest stylolite densities were observed in the Mudstone facies 
followed by Wacke- and Packstone facies. Even if Wackestone facies show light increased 
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stylolite densities compared to Packstone facies, the number of stylolites per meter are overall 
similar within both Dunham classes. The lowest stylolite densities were found in Grain-
/Packstone and Boundstone facies, even if Grain-/Packstone facies show generally higher 
stylolite densities than Boundstones, except the Bml-facies, which show a similar number of 
stylolites per meter.  Overall, an inverse relationship between crystal size and number of 
stylolites per meter is indicated, if considering the relationship between Dunham class and 
crystal size described in chapter 3.1. 
 
 
3.7 Burial history models 
The burial history of totally 21 wells all located in Field E and Field G were modelled to link the 
paragenetic products/processes with the burial and temperature history of the stringer. For 
each well five different scenarios were calculated due to uncertainties in quantification of 
sedimentation and erosion rates. Details on the different scenarios as well as on the input data 
can be found in chapter 2.7. Notice that the burial graphs were not calibrated using the 
bitumen reflectance measurements, but in fact they fit well (Figs. 57, 58 and 175 - 195). Even 
the higher bitumen reflectance values of well G-2H1 fit with the modelled temperature history 
of this well (Fig. 183). 
The burial graphs of both fields indicate that the stringers were already in very early Ara times 
sealed by a ~ 30 m thick layer of rock salt (Figs. 57, 58 and 175 - 195). Subsequent deposition 
of continental siliciclastics on the mobile Ara-Salt led to a rapid burial of the stringers during 
early Cambrian until the early Ordvician times. Overall the stringers of Field G were buried 
faster than the stringers of Field E (Figs. 57, 58 and 175 - 195). However, passive 
downbuidling of these siliciclastics caused halokinesis and formed salt diapirs within 
the basin. Even if the stringer were buried deeper during further burial history, most wells of 
Field G reach their maximum burial temperatures in all five scenarios at the end of salt tectonic 
times likely caused by the generally high surface-water-interface temperatures of up to 27 °C 
and the increased heatflow of up to 68 mW/m² which are estimated for this time (e.g. Terken 
etal., 2001).  
Nearly all models of both fields indicate a continuing burial of the stringer until early 
Carboniferous times (even if the burial of model 5 is interrupted by a short phase of uplift). 
Only the stringers of model 2 and 3 reach their maximum burial depth already at the end of the 
Ordovician. Burial of the stringer is in all models followed by a phase of uplift (~ 1300 m 
adopted from Visser, 2001), which start in model 1, 4 and 5 in early Carboniferous times and in 
model 2 & 3 already in Silurian time. Instead a Devonian to late Carboniferous hiatus was 
modelled for model 2 in contrast to model 3, which assumes sedimentation followed by a 
phase of erosion during this time. From that moment the stringer remain in a “nearly constant” 
depth close to the present-day depth interrupted by short phases of sedimentation and 
erosion. The highest burial temperatures in Field E were modelled in late Permian/early 
Triassic times which likely result from the combination of relatively deep burial depthes, 
generally high surface-water-interface temperatures of up to 25 °C and an increased heatflow 
of around 49 mW/m². High, but not the highest temperatures were also modelled for Field G. 
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However, these Permian/Triassic temperatures are in both fields not much higher than the 
present-day borehole temperatures. In both fields the maximum burial depths were reached 
during mid Paleogene. The stringers of Field E were in average buried to a depth of around 
5500 m, whereas the modelled maximum burial depth of the Field G-stringers is around 5750 
m. Overall the temperature graphs indicate that the temperatures within Field G were in 
average around 10 – 15 °C higher than in Field E. 
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Figure 57: Typical burial and temperature history of the A2C interval of Field E linked with paragenetic 
sequences (all five scenarios). Blue lines indicate the temperature histories of all modelled wells of 
Field E. 
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Figure 58: Typical burial and temperature history of the A2C interval of Field G linked with paragenetic 
sequences (all five scenarios). Green lines indicate the temperature histories of all modelled wells of 
Field G. 
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3.8 Vertical and lateral distribution trends 
3.8.1 Mineralogy (X-ray diffraction data) 
X-ray diffraction measurements have shown that dolomite, anhydrite, halite, calcite and quartz 
are the main mineral phases within the studied A2C interval (Table 6, Figs. 59 - 61 and 
chapter 8.1.1.1). Overall, dolomite and anhydrite were determined as the most prominent 
mineral phases within the studied stringers. Halite, calcite and quartz are often concentrated in 
selected intervals (Figs. 59 - 61 and chapter 8.1.1.1). Furthermore, traces of the mineral 
phases magnesite, gypsum, fluorite and pyrite were identified in selected samples 
(chapter 8.2.1). Notice, that reservoir bitumen was not detectable as a mineral phase by XRD 
measurements. 
The XRD-measured halite content was compared with the point counted halite content to 
check if halite was possibly dissolved during thin section preparation. Most samples show only 
negligible differences. Only a few samples in the upper part well G-2H1 (G2-1 to 4, G2-16, G2-
18 and G2-26) and the lower part of well C-7H1 (C7-18, C7-31, C7-38 to 44) and additionally a 
few samples of the well G-8H1 (G8-4, G8-7, G8-18, G8-23) and E-9H1 (E9-1)  
show remarkable differences > 1 % by which halite cementation might be underestimated 
within these intervals. 
 
3.8.1.1 A2C (entire stringer) 
Dolomite is in all studied wells the most prominent mineral phase within the A2C interval. It 
ranges between 0.4 wt.-% (G-4H1) and 99.2 wt.-% (G-4H1) with an averaged content of 
88.5 wt.-% (Figs. 59 - 61, Table 6 and chapter 8.1.1.1). Anhydrite shows an average content of 
3.9 wt.-% and ranges between 0.2 wt.-% (E-9H2 and G-4H1) and 95.8 wt.-% (G-2H1). Halite 
was not measured in each sample. It is absent within the wells C-7H1, E-5H1, E-9H2, G-2H1, 
G-3H2, G-4H1 and G-8H1 (Table 6, chapters 8.1.1.1 and 8.2.1). Maximum values up to 33.4 
wt.-% (G-3H2) were measured and the averaged halite content is 0.3 wt.-% (Table 6 and 
chapter 8.1.1.1). Calcite contents up to 94.2 wt.-% were measured within C-7H1. However, the 
averaged calcite content is just 0.3 wt.-% and is lacking in several samples of the wells C-7H1, 
E-4H1, E-5H1, E-9H2, F-1H1, G-2H1, G-3H2, G-4H1 and G-8H1 (Table 6 and 
chapter 8.1.1.1). Quartz is only locally an important mineral phase. It ranges between 0.0 wt.-
% (all studied wells) and 85.5 wt.-% (G-2H1) with an averaged content of 0.1 wt.-% (Table 6). 
 
3.8.1.2 Sequence 5 
Dolomite is the most prominent mineral phase in all studied wells within sequence 5. It ranges 
between 3.5 wt.-% (G-2H1) and 97.8 wt.-% (E-4H1) with an averaged content of 86.5 wt.-% 
(Figs. 59 - 61, Table 6 and chapter 8.1.1.1). Anhydrite shows an average content of 4.9 wt.-% 
and ranges between 0,8 wt.-% (G-8H1) and 95.8 wt.-% (G-2H1). Halite is absent within the 
well G-8H1 (Table 6, chapters 8.1.1.1 and 8.2.1). Maximum values up to 12.7 wt.-% (E-5H1) 
were measured and the averaged halite content is 0.3 wt.-% (Table 6). Calcite contents up to 
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7.8 wt.-% were measured within G-2H1. However, the averaged calcite content is just 0.2 wt.-
% and is lacking in several samples of the wells E-4H1, E-5H1, G-2H1 and G-8H1 (Table 6 
and chapter 8.1.1.1). Quartz is only locally an important mineral phase. It ranges between 0.0 
wt.-% (all studied wells) and 85.5 wt.-% (G-2H1) with an averaged content of 0.1 wt.-% 
(Table 6). 
 
3.8.1.3 Sequence 4 
Dolomite is in all studied wells the most prominent mineral phase within sequence 4. It ranges 
between 23.8 wt.-% (E-9H2) and 98.6 wt.-% (G-2H1) with an averaged content of 89.6 wt.-% 
(Figs. 59 - 61, Table 6 and chapter 8.1.1.1). Anhydrite shows an average content of 3.6 wt.-% 
and ranges between 0.2 wt.-% (E-9H2) and 65.0 wt.-% (G-2H1). Halite is absent within the 
wells E-9H2 and G-2H1 (Figs. 59 - 61, Table 6 and chapter 8.1.1.1). Maximum values up to 
19.9 wt.-% (G-8H1) were measured and the averaged halite content is 0.3 wt.-% (Table 6). 
Calcite contents up to 66,8 wt.-% were measured within E-9H2 (Table 6). However, the 
averaged calcite content is just 0.1 wt.-% and it is lacking in several samples of the wells E-
4H1, E-5H1, E-9H2, F-1H1, G-2H1, G-3H2, G-4H1 and G-8H1 (Table 6, chapters 8.1.1.1 and 
8.2.1). Quartz is only locally an important mineral phase. It ranges between 0.0 wt.-% (all 
studied wells with exception of F-1H1) and 23.2 wt.-% (G-2H1) with an averaged content of 0.1 
wt.-% (Table 6). 
 
3.8.1.4 Sequence 3 
Dolomite is in all studied wells the most prominent mineral phase within sequence 3. It ranges 
between 28.2 wt.-% (F-1H1) and 99.2 wt.-% (G-4H1) with an averaged content of 90.1 wt.-% 
(Figs. 59 - 61, Table 6 and chapter 8.1.1.1). Anhydrite shows an average content of 4.3 wt.-% 
and ranges between 0.3 wt.-% (G-3H2 and G-4H1) and 70.9 wt.-% (F-1H1). Halite is absent 
within the wells G-2H1, G-3H2 and G-8H1 (Figs. 59 - 61, Table 6 and chapter 8.1.1.1). 
Maximum values up to 5.9 wt.-% (G-8H1) were measured and the averaged halite content is 
0.4 wt.-% (Table 6). Calcite contents up to 66.0 wt.-% were measured within G-8H1 (Table 6). 
However, the averaged calcite content is just 0.1 wt.-% and it is lacking in several samples of 
the wells C-7H1, E-4H1, E-9H2, F-1H1, G-2H1, G-3H2, G-4H1 and G-8H1 (Table 6, 
chapters 8.1.1.1 and 8.2.1). Quartz is only locally an important mineral phase. It ranges 
between 0.0 wt.-% (C-7H1, E-5H1, E-9H2, G-2H1, G-3H2, G-4H1) and 8.7 wt.-% (E-5H1) with 
an averaged content of 0.1 wt.-% (Table 6). 
 
3.8.1.5 Sequence 2 
Dolomite is in all studied wells the most prominent mineral phase within sequence 2. It ranges 
between 0.4 wt.-% (G-4H1) and 98.8 wt.-% (C-7H1) with an averaged content of 89.9 wt.-% 
(Figs. 59 - 61, Table 6 and chapter 8.1.1.1). Anhydrite shows an average content of 4.8 wt.-% 
and ranges between 0.4 wt.-% (C-7H1) and 93.8 wt.-% (G-8H1). Halite is absent within the 
wells C-7H1, E-5H1, F-1H1, G-4H1 and G-8H1 (Figs. 59 - 61, Table 6 and chapter 8.1.1.1). 
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Maximum values up to 12.2 wt.-% (G-2H1) were measured and the averaged halite content is 
0.2 wt.-% (Table 6). Calcite contents up to 94.2 wt.-% were measured within C-7H1 (Table 6). 
However, the averaged calcite content is just 0.3 wt.-% and it is lacking in several samples of 
the wells C-7H1, E-5H1, F-1H1, G-3H2 and G-8H1 (Table 6, chapters 8.1.1.1 and 8.2.1). 
Quartz is only locally an important mineral phase. It ranges between 0.0 wt.-% (all studied 
wells with exception of G-4H1) and 5.2 wt.-% (F-1H1) with an averaged content of 0.1 wt.-% 
(Table 6). 
 
3.8.1.6 Sequence 1 
Dolomite is in all studied wells the most prominent mineral phase within sequence 1. It ranges 
between 10.6 wt.-% (C-7H1) and 97.8 wt.-% (G-4H1) with an averaged content of 68.0 wt.-% 
(Figs. 59 - 61, Table 6 and chapter 8.1.1.1). Anhydrite shows an average content of 21.4 wt.-% 
and ranges between 0.2 wt.-% (G-4H1) and 77.2 wt.-% (G-3H2). Halite is absent within the 
well G-3H2 (Figs. 59 - 61, Table 6 and chapter 8.1.1.1). Maximum values up to 33.4 wt.-% (G-
3H2) were measured and the averaged halite content is 0.3 wt.-% (Table 6). Calcite contents 
up to 69.1 wt.-% were measured within C-7H1 (Table 6). However, the averaged calcite 
content is just 1.3 wt.-% and it is lacking in several samples of the wells E-4H1 and G-3H2 
(Table 6, chapters 8.1.1.1 and 8.2.1). Quartz is only locally an important mineral phase. It 
ranges between 0.0 wt.-% (G-4H1) and 15.3 wt.-% (G-4H1) with an averaged content of 0.6 
wt.-% (Table 6). 
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Table 6: XRD measurements of main mineral phases per well and sequence (A2C). 
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Figure 59: Field E – well correlation of main mineral phases determined by XRD measurements. 
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Figure 60: Field G – well correlation of main mineral phases determined by XRD measurements. 
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Figure 61: Main mineral phases measured by XRD within the wells C-7H1 and F-1H1. 
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3.8.2 Matrix cement phases and PoroPerm (modal data) 
The maps in the first part of this chapter display the distribution of diagenetic phases and 
porosity/permeability for the complete A2C interval and for each depositional sequence in the 
following part of the chapter. For each well (and sequence) the median values that were used 
for the interpolation of the maps are given together with the corresponding statistical 
parameters. Two different map types are shown below to show the spatial distribution of 
diagenetic phases. One map type (’cement phase in matrix porosity’) shows the modal 
cements values (from point counting) as percentage of the total rock volume. The second map 
type (cement type in ‘filled plus unfilled’ porosity) shows the modal cements values as 
percentage of the combined open and cemented porosity. These maps display how much of 
the matrix porosity was filled by a certain cement type and hence give a better impression on 
the importance of the different cement types in reducing the available pore space. Notice that 
for both of these map types only matrix data have been used for calculation! The median map 
of the ‘filled plus unfilled’ porosity displays the total open and cemented porosity. This map can 
be seen as an approximation of the distribution of open porosity shortly after the replacement 
of limestone by dolomite. Maps showing the cement in fracture porosity (‘cement phase on 
fracture porosity’) were not interpolated due to the assumption that fracturing within the stringer 
is not isotropic but rather depends on the location of the well related to the position of the 
minibasin. Therefore the names of the wells were labelled using the same classification used 
for the quartile maps of the matrix cement phases (see chapter 2.6). For the same reason the 
‘BHI-fracture density maps’ were labelled in a similar way. Notice that all described trends 
were checked using the quartile maps to make sure that the trend is statistically meaningful.   
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Figure 62: Modal cement phases, cement phases in “filled plus unfilled porosity”, porosities and 
permeability per well (within the entire A2C interval). 
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    Figure 63: Spatial distribution of the cement phases within the entire A2C interval. 
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Figure 64: Spatial distribution of the cement phases in filled plus unfilled porosity within the entire A2C 
interval. 
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      Figure 65: Spatial distribution of the porosities within the entire A2C interval. 
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3.8.2.1 A2C (entire stringer) 
Table 86 in chapter 8.2.7 shows that 66 % of the macroporosity was filled with diagenetic 
phases, reducing the modal porosity from 14.3 % (‘filled plus unfilled’ porosity) to 5.0 % (total 
modal porosity). Dolomite, reservoir bitumen and anhydrite are the most abundant pore 
reducing phases within the complete A2C interval (Fig. 62 and Table 86). A north-south trend 
from F-1H1 through the northern part of Field E & G and including the E-11H3 and B-1H1 wells 
in the south show the highest ’filled plus unfilled’ porosity values (Fig. 65). The south-western 
part of the stringer and Field D field show in general lower ’filled plus unfilled’ porosity values 
(Fig. 65 and Table 86). The total porosity map demonstrates that much ’filled plus unfilled’ 
porosity was cemented in F-1H1 as well as in the northern part of the Field E and Field B, 
whereas the porosity in G-8H1 and E-11H3 remained open. A comparison to the ’cement in 
filled plus unfilled porosity’-maps indicate that the strong porosity reduction in Field E and Field 
B can be explained by a combined cementation of halite and dolomite. The porosity within F-
1H1 was also predominantly filled with dolomite but additionally with anhydrite and reservoir 
bitumen (Figs. 62 - 64). The lower ’filled plus unfilled’ porosity in the southern part of Field G 
and Field A was cemented by a combination of anhydrite, locally halite and especially reservoir 
bitumen. 
The highest permeability values within the A2C interval were measured within the Field D and 
in well E-11H3 (Figs. 62, 65 and Table 86). The high permeability values within Field D can be 
explained by high interparticle porosities, whereas touching vuggy porosity clearly dominates 
the pearmeability within E-11H3. The highest isolated vuggy porosity was counted in G-8H1 
(Figs. 62, 65 and Table 86). 
More detailed vertical distribution trends of cement phases, porosities and permeability 
combined with vertical facies interpretations are described in the following chapters. 
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Figure 66: Modal cement phases per well and sequence (A2C). 
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Figure 67: Cement phases in filled plus unfilled porosity per well and sequence (A2C). 
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Figure 68: Porosities per well and sequence (A2C). 
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Figure 69: Permeability values per well and sequence (A2C). 
 
 
 
Chapter 3: Results 
 
 
 142
 
Figure 70: Spatial distribution of the cement phases within sequence 5 of the A2C interval. 
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Figure 71: Spatial distribution of the cement phases in filled plus unfilled porosity within sequence 5 of 
the A2C interval. 
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Figure 72: Spatial distribution of the porosities and permeability within sequence 5 of the A2C interval. 
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3.8.2.2 Sequence 5 
Table 89 shows that 60 % of the macroporosity was filled by diagenetic phases, reducing the 
modal porosity from 10 % (‘filled plus unfilled’ porosity) to 4 % (total modal porosity). Anhydrite, 
reservoir bitumen and dolomite are of equal importance while halite has a strong local 
influence on porosity reduction. The northern parts of Field E and Field G (G-8H1, E-4H1 and 
E-5H1) show the highest ’filled plus unfilled’ porosity values, i.e. the combined open and 
cemented porosity is highest in these wells (Figs. 68, 72 and Table 89). The total modal 
porosity map demonstrates that much of the porosity remained open in G-8H1, E-4H1, but 
nearly all porosity was effectively closed at E-5H1 (Figs. 68, 72 and Table 89). A comparison 
to the ’cement in filled plus unfilled porosity’-maps shows that the porosity at E- 5H1 was 
predominantly filled by halite and dolomite (Fig. 67). The vertical profile of the well E-5H1 
(Fig. 101) shows the highest halite cement contents in the permeable Grain-/Packstone and 
Boundstone facies in the upper part of the well above the Mudstones located in the lower part 
of sequence 4. Dolomite cements also reduced the porosity in the northernmost well D-1H1, 
whereas halite cement occurs only as minor phase in other wells (Figs. 66, 70 and Table 87). 
Other major diagenetic phases in sequence 5 are anhydrite and reservoir bitumen. Anhydrite 
cements filled predominantly the porosity along a north-south trend below the Haima pod 
(compare Figs. 6 and 64). From north to south, high anhydrite values occur in G-8H1, G-4H1, 
E-4H1 and G-3H2 (Fig. 70), where it is the most abundant cement phase of this sequence 
(Figs. 111, 117, 118 and 119). Reservoir bitumen filled predominantly the porosity in the north-
western part of the stringer (G-2H1, G-4H1, G-8H1, E-5H1 and D-3H1).  
The permeability within this sequence is clearly dominated by vuggy porosity (Fig. 72). The 
highest permeability values within this sequence were measured within the well G-8H1, which 
shows also the highest vuggy porosity (Figs. 68, 69 and 72). The well G-3H2 shows high 
values for touching vuggy porosity, but no increase in permeability. Point counting analysis in 
this well was done on only one sample, whereas permeability was measured on six samples. 
Likely the single sample was not representative for the whole sequence in this well. 
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    Figure 73: Spatial distribution of the cement phases within sequence 4 of the A2C interval. 
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Figure 74: Spatial distribution of the cement phases in filled plus unfilled porosity within sequence 4 of 
the A2C interval. 
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Figure 75: Spatial distribution of the porosities and permeability within sequence 4 of the A2C interval. 
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3.8.2.3 Sequence 4 
Table 86 shows that more 70 % of the macroporosity was filled by diagenetic phases, reducing 
the modal porosity from 14 % (‘filled plus unfilled’ porosity) to 4 % (total modal porosity). 
Dolomite, reservoir bitumen and anhydrite are the most abundant pore filling phases within this 
sequence (Fig. 66 and Table 87). A north-south trend from F-1H1 through the northern part of 
the Fields G and E and including E-11H3 in the south shows the highest ’filled plus unfilled’ 
porosity values, i.e. the combined open and cemented porosity (Fig. 75). The south-western 
part of Field G shows intermediate ’filled plus unfilled’ porosity values. The lowest ’filled plus 
unfilled’ porosity characterise the eastern part of the stringer (Fig. 75). The distribution of total 
modal porosity looks similar except for well E-9H2 and the south-western part of Field G, which 
have nearly no open pore spaces (Fig. 75). The strong porosity reduction in the south-western 
part of Field G can be explained by a combination of reservoir bitumen and anhydrite cement 
within the wells G-2H1, G-3H2 and G-4H1. Dolomite and anhydrite cementation lead to 
porosity reduction at G-1H1 (Figs. 66 and 73). The porosity within E-9H2 was strongly reduced 
by halite and dolomite. The vertical profile of the well E-9H2 (Fig. 102) indicates that the 
porosity of the initially high permeable Boundstones in the upper part of this well was 
extensively plugged by dolomite and halite cements. The low permeable Mudstones in the 
lower part of the sequence are in contrast nearly devoid of halite cement. Notice that the 
sequence 5 of the well E-9H2 wasn’t cored, but it likely consists of Boundstones based on 
interpretations of the BHI. The neighbouring well E-5H1 show low median values for halite. 
However, the vertical sequence of E-5H1 indicates that the Boundstones within sequence 4 
are extensively plugged by halite. The low median values are an effect of the lack of halite 
cement in the underlying Mudstones. 
The highest permeability values were measured in the wells E-11H3 and G-8H1, which also 
shows the highest vuggy porosity values (Fig. 75). Interparticle porosity is highest at the wells 
E-1H1 and F-1H1 that show also increased permeability. The flowzone indicates by the PLT 
log of the well E-4H1 is situated above a zone of increased vuggy porosity (Fig. 100). 
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    Figure 76: Spatial distribution of the cement phases within sequence 3 of the A2C interval. 
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Figure 77: Spatial distribution of the cement phases in filled plus unfilled porosity within sequence 3 of 
the A2C interval. 
 
 
 
Chapter 3: Results 
 
 
 152
 
Figure 78: Spatial distribution of the porosities and permeability within sequence 3 of the A2C interval. 
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3.8.2.4 Sequence 3 
Table 89 shows that 60 % of the macroporosity was filled by diagenetic phases, reducing the 
modal porosity from 15 % (‘filled plus unfilled’ porosity) to 6 % (total modal porosity). Dolomite, 
anhydrite and reservoir bitumen are the most abundant pore filling phases within this sequence 
(Fig. 66 and Table 87). Overall, the dolomite cement content observe in this sequence is 
higher than in any other sequence. An east-west trend encompassing the northern part of Field 
E and Field G (G-4H1, G-8H1, E-9H2, E-5H1) and B-1H1 show the highest ‘filled plus unfilled’ 
porosity (Figs. 68 and 78). In the north D-1H1 and G-3H2 in the south also show increased 
‘filled plus unfilled’ porosity (Figs. 68 and 78). The total open modal porosity distribution looks 
similar but in comparison shows a strong porosity reduction at B-1H1 and G-8H1. Dolomite 
cement strongly reduces the porosity in both wells, while halite cement is only important at B-
1H1 (Figs. 66 and 76). Reservoir bitumen preferentially filled porosity in the western part of the 
stringer, including A-1H1, F-1H1, E-9H2 and Field G, except G-2H1 (Fig. 76). Relatively high 
anhydrite cement values were counted in the wells E-5H1 and F-1H1. In the northern part of 
the stringer at F-1H1 anhydrite was the most important porosity occluding phase.  
The highest permeability was measured for D-1H1 E-9H2 and G-4H1. Only G-4H1 is 
characterised by high vuggy porosity. Other wells with relatively high vuggy porosity, such as 
F-1H1 and G-8H1, show relatively low permeability, possibly indicating that most of the vuggy 
porosity is isolated. Isolated and connected vuggy porosity was not used as point counting 
classes by Badley-Ashton for D-1H1, but the wells shows generally high modal porosity. Based 
on the PLT log, two flowzones occur within this sequence. The flowzone within the well G-4H1 
straddles the S2/S3 boundary and is characterised by high (touching) vuggy porosity and 
increased dolomite crystal sizes (Fig. 107). The flowzone within the well E-9H2 is 
characterised by high permeability and helium porosity (Fig. 102). Since the observed modal 
porosity in this interval is low, the high helium porosity possibly could be due to increased 
microporosity. 
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     Figure 79: Spatial distribution of the cement phases within sequence 2 of the A2C interval. 
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Figure 80: Spatial distribution of the cement phases in filled plus unfilled porosity within sequence 2 of 
the A2C interval. 
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Figure 81: Spatial distribution of the porosities and permeability within sequence 2 of the A2C interval. 
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3.8.2.5 Sequence 2 
Table 89 shows that 63 % of the macroporosity was filled by diagenetic phases, reducing the 
modal porosity from 16 % (‘filled plus unfilled’ porosity) to 6 % (total modal porosity). Anhydrite 
dolomite and reservoir bitumen are the most abundant pore filling phases within this sequence 
(Table 87). Calcite cement has a significant local influence on porosity (Figs. 79 and 80). All 
wells, with the exceptions of E-1H1 and D-3H1, show high (> 10 %) ‘filled plus unfilled’ porosity 
values (Figs. 68, 81 and Table 89).  This high porosity was strongly reduced during diagenesis, 
especially in the wells B-1H1, F-1H1, E-9H2, G-1H1 and G-2H1. Porosity reduction for B-1H1 
was caused, as in sequence 3, by a combination of halite and dolomite cements (Figs. 66 and 
79). The strong porosity reduction in F-1H1 is related to a combination of dolomite and 
anhydrite cementation as well as reservoir bitumen plugging (Figs. 66 and 79). Reservoir 
bitumen also reduced the porosity in the western part of the stringer (G-2H1, G-4H1). Calcite 
cement forms an important cement phase in the middle and southern part of Field G (G-1H1, 
G-4H1). 
The highest permeability values were measured in the north-eastern part of the stringer, which 
fits well with the spatial distribution of the modal porosity, except for well E-4H1 which has a 
relatively low permeability despite relatively high porosity (Figs. 68, 69 and 81). On the other 
hand E-9H2 shows relatively low modal porosity and high permeability, possibly due to high 
microporosity (Fig. 81). PLT log defined flowzones occur in the wells G-3H2, G-4H1 and E-9H2 
(Figs. 102, 106 and 107). The flowzone in E-9H2 is characterised by the combination of high 
intercrystalline porosity, some connected vuggy porosity and large dolomite crystal size. The 
flowzones in G-3H2 shows slightly increased vuggy porosity, but the maxima in the PLT log fit 
better to the largest dolomite crystal sizes in the well, but the maxima in the PLT log fit better to 
the largest dolomite crystal sizes in the well (Fig. 106). The flowzones in G-4H1 show relatively 
low porosity but large crystal sizes (Fig. 107). 
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Figure 82: Spatial distribution of the cement phases within sequence 1 of the A2C interval. 
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Figure 83: Spatial distribution of the cement phases in filled plus unfilled porosity within sequence 1 of 
the A2C interval. 
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Figure 84: Spatial distribution of the porosities and permeability within sequence 1 of the A2C interval. 
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3.8.2.6 Sequence 1 
Table 89 shows that 93 % of the macroporosity was filled by diagenetic phases, reducing the 
modal porosity from 15 % (‘filled plus unfilled’ porosity) to 1 % (total modal porosity). Sequence 
1 therefore shows the most pronounced porosity reduction from all sequences. Anhydrite and 
reservoir bitumen are by far the most abundant porosity filling phases (Figs. 66, 82 and 
Table 87). The median values of both diagenetic phases are higher in sequence 1 than in any 
other sequence. Dolomite, calcite and halite cements are locally significant pore reducing 
phases. Generally, the highest ‘filled plus unfilled’ porosity values occur in Field D and the 
wells G-4H1 and E-4H1 (Figs. 68 and 84). The porosity remained relatively high in Field D but 
was more strongly reduced in G-4H1 and E-4H1.  
The highest anhydrite cement values occur in the wells E-4H1, G-2H1, G-3H2 and in Field D 
(Figs. 66 and 82). In the well E-4H1 it is the only cement phase that leads to a strong porosity 
reduction. Reservoir bitumen is a very abundant pore reducing phase, especially in Field G 
and within well E-5H1 (Figs. 66 and 82). The highest reservoir bitumen values occur at G-2H1 
where it reduced in combination with anhydrite cement much of the initially high porosity. 
Dolomite and halite cements show, in contrast to the overlying sequences, no similar spatial 
distribution (Fig. 82). Generally, the median values of both cement phases are lower compared 
to the other sequences. Dolomite cements occur preferentially in Field D and Field G, whereas 
the highest halite cement values occur in the wells G-3H2 and D-3H1. But both cement phases 
are negligible within this sequence and thus have no large impact on the porosity reduction 
(Figs. 66 and 82). Calcite is locally an important cement phase, especially in the south-western 
part of Field G and to some extend in the well D-1H1 (Figs. 66 and 82). In the well G-1H1 it is, 
besides reservoir bitumen, the most important pore reducing phase. Sequence 1 shows in 
comparison to all other sequences the highest median values for calcite cement.   
The highest permeability values were measured within the well E-4H1 and Field D (Figs. 69 
and 84). The increased permeability in Field D fits to relatively high (interparticle) porosity in 
these wells (Fig. 84). In E-4H1 the high permeability seems to be governed by high values of 
touching vuggy porosity (Fig. 90). However, high values for touching and isolated vuggy 
porosity apparently did not increase the permeability in G-4H1 and G-2H1. Possibly the pores 
classified as touching vuggy porosity in these wells were in fact isolated. 
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Chapter 4: Discussion 
 
 
4.1 Diagenetic processes: results from isotope data 
Isotopes of totally 128 dolomite and calcite samples and 57 anhydrite samples from Field E 
and Field G were measured for a better understanding of diagenetic processes. The isotopic 
data combined with petrographic data comprise crucial information on the formation processes 
and timing of the different cement types and replacive phases. 
 
4.1.1 Oxygen and carbon isotopes 
The oxygen isotope signature of carbonates is determined by the temperature and the isotopic 
composition of the fluid from which the carbonate precipitates. Recrystallisation of carbonate in 
porewater that is 10 °C warmer than the fluid from which it originally formed, would lead to a 
δ18O shift by ~ 2.2 ‰ towards lower values (Kim & O`Neil, 1997). The δ18O signature of water 
depends largely on the degree of evaporation. Evaporation leads to the preferential removal of 
16O from the surface water and hence to an increase in δ18O. This effect is often termed salinity 
effect, since the salinity is affected by the same processes as the isotope fractionation in 
seawater. The carbon isotope values of organic carbon are much lower than for inorganic 
carbon in carbonates. The CO2 that is released during remineralisation of organic carbon has 
the potential to influences the isotopic composition of porewater (Gross & Tracey, 1966). The 
magnitude and direction of this shift depends on the reaction pathway of organic matter 
oxidation. Authigenic carbonate that precipitates from this porewater will inherit its isotopic 
composition. Generally, the carbon isotopic composition of the porewater will change only 
gradually, since the carbon isotope system in carbonates is strongly buffered by the host rock 
(Land, 1980).  
The majority of the samples measured within this study plot within the field indicating the stable 
isotope composition of carbonates precipitated from Late Neoproterozoic seawater (Figs. 36 
and 37). But many samples show a shift towards lighter δ13C values and a larger range in δ18O 
values. Most of the samples with δ18O above -1.0 ‰ V-PDB are mimetic, very-fine to fine 
crystalline replacive dolomites. The preservation of the precursor limestone fabric in these 
samples suggests that they have not been recrystallised significantly after the initial 
dolomitisation. The more positive δ18O signal in these samples points to dolomitisation by 
refluxing brines, likely concomitant to the deposition of the roof anhydrites/gypsum. The 
sulphur isotope values of the roof anhydrite (Fike & Grotzinger, 2010) and the diagenetic 
anhydrites (see below) indicate that bacterial sulphate reduction (BSR) had strongly modified 
the sulphur isotopic composition of the refluxing brines. BSR could also shift the δ13C of the 
refluxing brines towards lower values which could explain the generally slightly lower δ13C 
values in most dolomite samples (Land, 1986). In summary, reflux dolomitisation likely shifted 
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the isotopic composition of the carbonates towards higher δ18O and lower δ13C values 
compared to the precursor limestones (Fig. 37). The temperature increase during continued 
burial likely leads to a return to lower δ18O values in recrystallised dolomites (Banner & 
Hanson, 1990). This is supported by relatively light δ18O values around -3 ‰ V-PDB in fracture 
filling dolomite cements and dolomites with a medium crystalline nonplanar-a to planar-s 
texture. The lack of a correlation between dolomite texture and δ13C values suggests that 
recrystallization during burial had little effect on the carbon isotope composition. A group of 
four isotope samples from well E-4H1 show the most negative δ13C values combined with very 
low δ18O values (Fig. 37). These light isotope values could either be explained as a meteoric 
influence or an effect of temperature increase and thermal decarboxylation in the burial realm 
(Hendry et al., 2000; Melim et al., 2001). Three of the four isotope samples were taken from 
the same thin section sample in the upper part of sequence 5, whereas the fourth isotope 
value comes from below sequence boundary four. No meteoric diagenesis was previously 
suggested for these stratigraphic intervals and the relatively coarse crystal size and non-planar 
texture of the sample from sequence 5 rather points to a burial signal. 
The isotope values of calcite define a trend towards more negative δ18O and slightly lower but 
always positive δ13C values (Figs. 36 and 37). Replacive calcite and dissolution observed 
below the sequence 3 and 2 boundary and midway through the S2 sequence were previously 
suggested to be related to meteoric diagenesis in Field G (Bauer & Sellar, 2004). The fact that 
this replacive calcite shows a very similar isotopic signal as calcite cement related to stylolites 
(e.g. fracture cement in tension gashes) does not support this interpretation. Recrystallisation 
and cementation during meteoric diagenesis typically leads to negative δ13C and slightly lower 
δ18O values (Allan & Matthews, 1982; Melim et al., 2001). Such a trend was not observed in 
Field E and Field G, with the possible exception of the dolomite samples in sequence 4 and 5 
of E-4H1. The observed isotope trends therefore do not support the interpretation of meteoric 
diagenesis in the wells G-8H1, 4H1 and E-4H1 (Fig. 37). A late diagenetic overprint of a 
meteoric signal seems unlikely since the preservation potential of the δ13C signal is very high 
(Knauth & Kennedy, 2009). Due to the limited resolution of the isotope data, meteoric 
diagenesis can not be ruled out completely for the other wells in the fields. However, the 
similar isotopic signal in neomorphic calcite and burial related calcite cements rather indicates 
a burial origin for the bulk of the replacive calcite. The lack of carbonate phases with strongly 
lower δ18O and δ13C values suggests that thermochemical sulphate reduction was not active in 
the two fields (Machel, 2001; Figs. 36 and 37). 
 
4.1.2 Sulfur isotopes 
This higher variability of the sedimentary anhydrite above and below the A2C unit and the 
general enrichment relative to δ34S CAS were explained by extensive sulphate reduction under 
the restricted conditions during the deposition of the floor and roof anhydrite (Fike & Schröder, 
2010). The differences in the isotopic signatures of δ34S CAS and δ34S of sedimentary 
anhydrite allow us to constrain the origin of sulphate incorporated in diagenetic anhydrite. The 
enrichment in δ34S measured in many diagenetic anhydrite samples relative to δ34S CAS 
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clearly indicates that unmodified open marine sea water was not the dominant sulphate 
source. These relatively high δ34S values rather point to a supply of sulphate from refluxing 
brines or dissolution of sedimentary anhydrite during burial and reprecipitation as cement and 
nodules in the subsurface. The second alternative would fit to the observation that anhydrite 
cement occurs preferentially in the upper and lowermost part of several carbonate stringers in 
Field E and Field G.  
Some of the diagenetic anhydrite samples show a large deviation towards low δ34S values 
relative to δ34S CAS. Sulphur from volcanic sources is characterised by such low δ34S values, 
but volcanic material was not reported from the A2 unit of these fields. An alternative source 
for these low δ34S values could be the oxidation of sulphides (e.g. pyrite, H2S) or organically 
bound sulphur. Since sulphide oxidation likely is not accompanied by significant isotopic 
fractionation, the δ34S signature of sulphate would be identical to δ34S of the source sulphide. 
The δ34S values of pyrite from the A2C unit vary between 7.7 and 16.5 ‰ V-CDT and hence 
could possibly provide a source for sulphate with a low δ34S signature. Biological and 
abiological sulphide oxidation can take place under oxic and/or suboxic conditions and is 
accompanied by carbonate dissolution (Toran & Harris, 1989; Ku et al., 1999). Hence, sulphide 
oxidation could have been an important process in vuggy porosity formation during near-
surface burial. 
 
 
4.2 Diagenesis in space and time: diagenetic products as 
time markers and the control of depositional facies and 
structural deformation on diagenesis 
Diagenesis has a large impact on reservoir properties within the studied stringer(s). Several 
diagenetic products from the near-surface and intermediate to the deep burial realm with 
different effects on reservoir quality were recognized (chapter 3.2). Linking these diagenetic 
products and their age relationships (chapter 3.2) to the results from geochemical data 
(chapter 3.3) and the burial and temperature history of the stringer (chapter 3.7) is of 
importance to understand the timing and formation processes. But not all products of the 
paragenetic sequence can precisely be linked to the burial and temperature history of the 
stringer. Other products form in well defined burial realms and hence can very precisely be 
linked to the burial and temperature history of the stringer. These so-called “time markers” are 
therefore a useful tool to narrow the formation time and conditions for products which can not 
directly be linked to the burial graph of the stringer. The diagenetic history linked to existing 
depositional facies models (e.g. shown in chapter 8.1) and the stringer deformation 
(chapter 3.6) further contributes to understand the heterogeneous spatial distribution trends 
within the stringer (chapter 3.8). Understanding these spatial distribution trends again is 
essential for better reservoir quality predictions and thus for further prospective exploration and 
production efforts within the study area. 
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4.2.1 Near-surface diagenesis 
All diagenetic products of the near-surface burial realm can very precisely be linked to the 
burial graph of the stringer since it ends when the stringers are sealed by a ~ 30 m rock salt - 
layer and no external surface brines can infiltrate into the stringer (Casas & Lowenstein, 1989; 
Schoenherr et al., 2009). Typical products of this burial realm are micritic envelopes around 
allochems most likely formed by boring algae and/or fungi (Scholle & Scholle, 2003). Moulds 
within these micrite-lined allochems point to dissolution of the unmicritised interior or columnar, 
isopachous cement coatings on the outside of allochems and within mouldic porosity and 
fractures. These products of early marine diagenesis were observed in nearly all studied wells 
except the early marine cements which are generally less well developed or even lack as 
fracture cements in both reference wells F-1H1 and C-7H1. 
 
4.2.1.1 Reflux-related diagenesis  
Dolomite, anhydrite and halite are further diagenetic products which started already to form 
very early in the near-surface burial realm. These products are often interpreted to be of reflux 
origin (Saller & Henderson, 1998; Machel, 2004; Bauer & Sellar, 2004; Jones & Xiao, 2005). 
The most favoured dolomitisation model in carbonate platforms is reflux of Mg2+-rich brines 
(Adam & Rhodes, 1960; Kendall 1988; Saller & Henderson, 1998; Machel, 2004; Jones & 
Xiao, 2005) leading first to a replacement of the precursor limestones by dolomite followed by 
precipitation of dolomite cements, so-called overdolomitisation (Machel, 2004). In relation to 
the study area the isotopic signals of the carbonates, the petrographic observations 
(conventional and additional cathodoluminesence microscopy) and also the spatial distribution 
patterns of these diagenetic phases support the idea of a reflux-related dolomitisation within 
the study area. Both types of dolomite, replacive dolomite as well as dolomite cements, were 
observed within the studied wells. Especially the application of cathodoluminesence 
microscopy helped to discriminate the replacive dolomite from dolomite cements. Matrix 
dolomite shows generally dull luminescence in contrast to the bright luminescent dolomite 
cements (Figs. 29-6a and 29-6b). Furthermore, the carbon and oxygen isotopes shifted 
towards higher δ18O and δ13C values with respect to the isotopic composition of carbonates 
precipitated from late Neoproterozoic seawater (Derry et al., 1992; Jacobsen & Kaufman, 
1999) might indicate a (reflux-related) dolomitisation of the precursor limestone fabric.  
The spatial distribution maps presented in chapter 3.8 combined with existing facies models 
also might indicate distribution trends which are consistent with a reflux origin of these 
diagenetic cement phases. The highest dolomite and halite cement values of sequence 5 were 
counted within the wells E-5H1 and D-1H1, while the porosity within the northernmost well D-
1H1 was solely reduced by dolomite cements (Fig. 67). Most halite cements in sequence 4 
were observed in well E-9H2, whereas dolomite cements extensively filled the porosity within 
the wells E-9H2, E-11H3 and F-1H1. In contrast to sequence 5 indicate the spatial distribution 
maps of this sequence for well E-5H1 only low median values of both cement phases (Fig. 73). 
However, the vertical profile of this well (Fig. 101) indicates an extensive halite cementation 
not only for sequence 5, dominated by Grain-/Packstone and Boundstone facies, but also for 
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the upper part of sequence 4 consisting of Boundstones. The underlying Mudstones in the 
lower part of the sequence are in contrast devoid of halite cements. Therefore the low median 
values displayed on the map might be an effect of lacking halite cements within these 
Mudstones. A similar lithofacies cementation is indicated on the vertical profile of the well E-
9H2. The initially high permeable Boundstones in the upper part of sequence 4 were 
extensively plugged by dolomite and halite cements, whereas the low permeable Mudstones 
located in the lower part of the sequence are in contrast nearly devoid of both cement phases 
(Fig. 102). Notice that the sequence 5 of well E-9H2 wasn’t cored, but likely consists of 
Boundstones based on interpretations of the BHI. Therefore a high content of dolomite and 
halite cements can also be expected within the most upper sequence of this well. The study of 
Saller & Henderson (1994) has shown that dolomite cementation increases proximal to the 
brine source which allows to determine the origin of the refluxing brines. Accordingly, the fact 
that the initially highly pores facies of sequence 5 and 4 in E-5H1 and E-9H2 are nearly 
completely plugged by halite might indicate that the last phase of refluxing brines were sourced 
from the northern part of the Field E (according to Saller & Henderson, 1998; Jones & Xiao, 
2005). In both wells the low permeable Mudstone facies on the base of sequence 4 might 
redirected the refluxing brines from a vertical flow into a more lateral flow. The porosity within 
sequence 3 was strongly reduced by dolomite and halite cementation within the wells B-1H1 
and H-8H1, while halite cement is only important at B-1H1. Halite and dolomite cements are 
within the wells E-5H1 and E-9H2 in contrast to the overlying sequences just minor cement 
phases within sequence 3 (Figs. 66 and 76), which is consistent to a seepage reflux model if 
vertical facies distribution were considered (see above). Since the top of the stringer within the 
well B-1H1 is formed by a relatively low permeable layer of slope/basinal turbidites (compare 
Milroy et al., 2005), which likely sheltered the underlying sequence from a reflux from above. 
The refluxing brines therefore were likely sourced from the nearby area of E-9H2 and E-5H1, 
where strong reflux cementation was observed in the upper sequences (according to Saller & 
Henderson, 1998; Jones & Xiao, 2005). The refluxing brines likely reached B-1H1 and in 
sequence 2 also the wells D-1H1 and F-1H1 by a lateral flow along high permeable facies (i.e. 
Grain-/Packstones and Boundstones) assuming a preferred fluid flow within initially high 
permeable facies as shown by Schoenherr et al. (2009). Ongoing evaporation leads to 
increasing salinities of the seawater and refluxing brines and hence during further near-surface 
diagenesis to an increased precipitation of evaporitic minerals (gypsum, anhydrite and finally 
halite) within the remaining pore space as well as on the top of the stringer (according to 
Kendall, 2000). The relatively high δ34S values measured in many anhydrite samples relative to 
δ34S CAS rather point to a supply of sulphate from refluxing brines and/or dissolution of 
sedimentary anhydrite during burial and reprecipitation as cement and nodules in the 
subsurface than unmodified open marine sea water as the dominant sulphate source. The first 
models further fit to the observations that anhydrite cement occurs preferentially in the upper 
and lowermost part of several carbonate stringers in Field E and Field G (chapter 3.8) and 
additionally they explain the anhydrite cementation related to the intermediate and deep burial 
realm, such as anhydrite-filled tension gashes of burial-related stylolites. One-phase aqueous 
fluid inclusions in halite cements devoid of oil or bitumen inclusions indicating a formation in 
the near-surface burial realm at temperature below ~ 50 °C (Goldstein & Reynolds, 1994) 
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might be a further indicator for cemenation by refluxing brines in contrast to Bauer & Sellar 
(2004), who put their halite cementation close to the hydrocarbon charge. 
A second phase of cementation also related to the intermediate to deep burial realm is 
furthermore indicated for dolomite. Lower δ18O values measured on dolomitic samples indicate 
a recrystallisation during progressive burial, while recrystallisation and cementation influenced 
by thermal decarboxylation leads to negative δ13C and relatively depleted δ18O values 
(Fig. 36). But since no further clear petrographic indicators for a later phase of dolomite 
cementation were found within the thin sections, a locally restricted and hence minor important 
dolomite formation can be assumed for the burial realm.  
For halite, a burial-related redistribution at local scale was recognized by Schoenherr et al. 
(2009). They noticed that the bromine content in petrographically defined ‘early’ halite is higher 
than in ‘late’ halite. The depletion of the bromine values in the ‘late’ halite was explained by 
dissolution of ‘early’ halite by bromine-depleted brines followed by reprecipitation in the burial 
realm. All samples analysed in this study were petrographic classified as ‘late’ halite cements 
indicated by round oil inclusions (Fig. 31-16a), angular fragments of reservoir bitumen and 
reservoir bitumen-cemented dolomite fragments (both Fig. 31-16b) within the halite cements, 
which clearly indicates a local scale reprecipitation of halite after bitumen generation in the 
burial realm. However, the lowest bromine values indicate a precipitation from solutions that 
were unmodified from the refluxing brines sourced from the A3E unit. The higher bromine 
values in other halite cements can be explained by variations in the crystallisation rate of halite 
and the temperature of the parent brine (Warren, 2006). In accordance with our petrographical 
observations, all bromine measurements plot into the field of ‘late’ halite cements (< 245 ppm) 
defined by Schoenherr et al. (2009). However, because of the large scatter in the bromine 
values in the A2C unit of the Fields E and G it is suggested that bromine values should be 
used in combination with petrographic analyses to discriminate between primary ‘early’ and 
reprecipitated ‘late’ halite cements. 
 
Overall, dolomite, halite and anhydrite are major pore occluding phases in many wells 
indicating that much of the open pore space was already filled during reflux cementation, even 
if isotopes indicate a second but minor important phase of dolomite cementation and the 
petrographic observations and bromine contents indicate a halite redistribution in the burial 
realm. Due to the lithofacies-controlled cementation the overall highest content of reflux 
cements can be expected in facies with initially high permeabilities (so-called PoroPerm 
inversion) increasing upward towards the northern part of Field E which was interpreted to be 
the origin of refluxing brines. 
 
4.2.2 Stylolites and fractures as time markers  
Stylolites, one of the most prominent feature of pressure solution (chemical compaction), are 
often characterised by (1.) reduction of porosity and permeability, either by changing packing 
density but also by local re-precipitation of dissolved material, which might therefore act as 
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barriers for hydrocarbons and other migrating fluids (e.g. Stockdale, 1922; Dunnington, 1967; 
Manus & Coogan, 1974; Fabricius & Borre, 2007), (2.) a volume loss of the reservoir up to 
63 % (e.g. Safaricz & Davison, 2005; Heydari, 2000), (3.) a concentration of organic matters 
along the stylolites which might play a crucial role in hydrocarbon generation (Leythaeuser et 
al., 1995) or (4.) as conduits for (dolomitizing Mg-rich) fluids controlling the dolomitisation 
process (Miller & Folk, 1994). Pressure solution is therefore of great economic importance for 
hydrocarbon exploration and production, reservoir modelling and characterisation as wells as 
for the geological storage of CO2. 
In the study area, different generations of stylolites were recognized and therefore an 
understanding on their timing of formation is of importance to narrow the formation time of 
other diagenetic products. Furthermore, since pressure solution seems to be the source of 
burial-related calcite cements leading to a nearly completely loss of PoroPerm (chapters 3.2 
and 4.2.3), a better knowledge on the factors controlling the pressure solution, such as the 
crystal size (chapter 3.6.4.4), might helpful to understand and predict the spatial distribution of 
stylolites and hence the grade of calcite cementation. At least a knowledge on the formation 
timing of the different stylolite generations might be used to narrow the different phases of 
calcite cementation. 
 
4.2.2.1 Stylolite generations & implications on age relationships 
Different generations of stylolites were recognized within the study area (chapter 3.6.4.1). 
Based on their orientation and crosscutting relationship to the bedding they were classified as 
stylolites either formed by the weight of the overburden in pre- or post-salt tectonic times or by 
bending stresses related to stringer deformation during salt tectonic deformation or by 
gravitational sinking of the stringer in post-salt tectonic times (chapter 3.6.4.1). Even, if most 
stylolites are lined by reservoir bitumen or other organic matters, this enrichment along the 
stylolite can unfortunately not be used for age determination. The reservoir bitumen might 
either already have formed prior to stylolite growth, and the reservoir bitumen was afterwards 
enriched along the stylolite as insoluble residuum, or the organic matter that was initially finely 
dispersed within the matrix was enriched along the stylolite and reservoir bitumen formed in-
situ along the stylolite (similar to those observed by di Primio & Leythaeuser, 1995 or 
Leythaeuser et al., 1995). 
Present-day not horizontal-oriented stylolites but with similar dip as bedding/lamination might 
indicate that these stylolites possibly might have formed in pre-salt tectonic times or in initial 
stages of salt tectonic by the weight of the overburden. In contrast stylolites with present-day 
oblique or perpendicular orientation to bedding might indicate a formation by stringer 
deformation-related bending stresses. This set of stylolites is clearly younger than the first set 
of stylolites, since crosscutting relationship indicate an offset of the 1st generation stylolites if 
crosscutted by stylolites of the 2nd generation (Fig. 46-4). Therefore the 2nd set of stylolites was 
most likely formed during bending of the stringer in salt tectonic times, but might also have 
formed in post-salt tectonic times by bending processes related to gravitational sinking of the 
stringer. Stylolites that are (partially) opened and cemented with a cement phase, such as 
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halite (Figs. 47-2 or 47-4), might indicate that this type of stylolite was probably formed in an 
early stage of stringer deformation and that opening took place in a later stage of bending. A 
third set of stylolites were identified that most likely have formed after bending of the stringer, 
hence in post- salt tectonic times. This type of stylolite is characterised by a present-day 
horizontal orientation in contrast to the dipping bedding/lamination and might therefore have 
formed after salt tectonic-related stringer-deformation by the weight of the overburden. Note, if 
the stylolite as well as the bedding/lamination is oriented horizontal, a formation in pre-salt 
tectonic times might also be possible.  
However, the knowledge on the age relationships of the different stylolite generations 
combined with crosscutting relationships with other diagenetic products might help to narrow 
the formation times of these products. For example the fact that calcite-filled fractures crosscut 
pre-salt tectonic stylolites, but show an offset at bending stress-induced stylolites as well as at 
stylolites formed by the overburden in post-salt tectonic times (Figs. 46-4 and 48-1 shown in 
chapter 3.6.4.1) indicates that cementation of calcite-filled fractures took place when pre-salt 
tectonic stylolites, which start to form in a burial depth of around 500 – 1000 m, were already 
formed, but prior to the end of bending stress-induced stylolite formation, hence prior to the 
end of salt tectonics (~498 Ma).  
Another important age relationship can be inferred from Figure 47-2. The halite cementation of 
the partially opened, bending stress-induced stylolite clearly indicates, that halite 
cementation/replacement took not only place in near-surface conditions, but also in the 
subsurface during or after salt tectonic time, when the stringer was already sealed and buried 
to the deep burial realm. Note, that this age relationship fits well with the petrographic 
observations that halite cements contain locally inclusions of oil and reservoir bitumen 
(chapter 3.2) as well as the depleted Bromine values (chapter 3.4), which both indicate a local 
halite-reprecipitation in the deep burial realm during/after hydrocarbon charge. 
Furthermore, the crosscutting relationships are helpful to derive the timing of anhydrite 
cementation and replacement. Anhydrite-filled tension gashes of pre-salt tectonic formed 
stylolites (Fig. 46-2) as well as anhydrite-filled fractures that merge into pre-salt tectonic 
formed stylolites most likely formed by extension within the surrounding rock during stylolite 
growth as well as the increased occurrence of replacement by anhydrite around the pre-salt 
tectonic formed stylolites (Figs. 46-3 and 46-4) indicate that anhydrite 
cementation/replacement (still) took place during or after the formation of stylolites formed by 
the weight of the overburden, hence when the stringer was buried to or below a depth of 
around 500 – 1000 m. Continuing anhydrite cementation or a further phase of anhydrite 
cementation during or after salt tectonics is indicated by anhydrite-filled tension gashes 
(Fig. 48-2) or by anhydrite-filled fractures that crosscut post-salt tectonic stylolites (Fig. 48-3). 
Furthermore, Figure 48-3 indicates an ongoing or a further phase of anhydrite replacement. 
Overall, the anhydrite crosscutting relationships are not very useful to narrow the anhydrite 
cementation/replacement, but confirm the ongoing formation of both products. This might be 
an effect of the ongoing pressure solution itself since the ongoing dissolution process leads 
continuously to increased Mg/Ca-ratios within the pore fluids which might support the process 
of nearby anhydrite cementation/ replacement. 
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4.2.2.2 Factors controlling stylolite formation 
The onset and especially the intensity of pressure solution are controlled by a number of 
factors described in detail in chapter 3.6.4. Main factor controlling the onset of pressure 
solution is certainly the effective stress (e.g. Fabricius & Borre, 2007), which strongly depends 
on the mineralogy of the rock (Trurnit, 1968). But the intensity of the pressure solution is 
mainly controlled by the crystal size (s. chapter 3.6.4.4). However, the crystal size inherited 
from depositional facies as a factor controlling the pressure solution was partially 
controversially discussed in a number of previous empirical (e.g. Buxton & Sibley, 1981; 
Houseknecht, 1984, 1988; James et al., 1986; Railsback, 1993c; Peacock & Azzam, 2006), 
experimental (Renton et al., 1969; Sprunt & Nur, 1977; Zhang & Spiers, 2005a,b) and 
theoretical (Weyl, 1959) studies. Most authors favour a relationship between crystal size and 
pressure solution. One of the first authors who described a relationship between grain size and 
intensity of pressure solution was Heald (1955, 1956), who noticed an inverse relationship in 
siliciclastic rocks. A linear relationship between mean grain size and intergranular pressure 
solution, with finer-grained samples having experienced more IPS than coarse-grained one 
was also described by Houseknecht (1984, 1988) or Heydari (2000). A tendency for more 
stylolites in finer rocks was also found by Peacock & Azzam (2006) and Railsback (1993c). 
This on empirical work based inverse relationship between increased pressure solution 
intensity with decreasing grain/crystal sizes was furthermore confirmed by a number of 
experimental studies, such as Renton et al. (1969), Sprunt & Nur (1977) or Zhang & Spiers 
(2005a,b), who determined increased strain/compaction rates with decreasing grain sizes 
probably caused by IPS.  
However, a controversial relationship between crystal size and stylolite occurrence was 
published by Buxton & Sibley (1981), who found a significant higher percentage of stylolites in 
Grainstones than in Packstones than in Wackestones. These observations might indicate a 
non inverse relationship between grain size and stylolite intensity. The authors furthermore 
argued that the Dunham class is a factor controlling the style of pressure solution (stylolite, 
solution seam or fitted fabric texture). Others, such as Sibley & Blatt (1976) even could not find 
a clear relationship between grain size and intensity of pressure solution.  
The inverse relationship between crystal size and stylolite density observed in this study might 
have several reasons. Already Thomson (1870) deduced from the so-called Kelvin equation 
that small particles have a higher solubility than large particles (de Boer, 1977):  
r
TR 
 2ln 

 
where R is the gas constant (R = 8,314 J mol-1 K-1), T is the temperature, α∞ is the solubility of 
an infinitely large crystal, σ is the surface free energy and  the molar volume of the stressed 
state. Hence fine-crystalline particles might dissolve easier than coarse-crystalline particle, 
which promotes an earlier pressure solution within fine-crystalline Mudstones compared to 
coarse-crystalline Boundstones. 
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Another reason might be the difference in stress concentration between fine-crystalline 
compared to coarse-crystalline rocks. The cross sectional area in fine-crystalline rocks is 
smaller than in coarse-crystalline rocks (Coogan & Manus, 1975). Therefore the stress, 
defined as force per unit area, inside the solids along the cross sectional area is higher in fine-
crystalline rocks than in coarse-crystalline rocks, assuming a uniformly distributed lithostatic 
load (Baker et al., 1980; Heydari, 2000). 
However, among to the crystal size of a Dunham facies itself there might be several other 
factors related to the Dunham class which either inhibit or promote pressure solution. The 
Mudstones facies for example are often associated with increased clay contents, which again 
enhance the pressure solution (e.g. Weyl, 1959; de Boer, 1977; Alvarez et al., 1978; Meyers & 
Hill, 1983; Bayly, 1986; Scholle & Halley, 1985; Choquette & James, 1987; Bjørkum, 1996; 
Fabricius & Borre, 2007). Clay content is next to cementation, packing and porosity one factor 
controlling the competency of a rock, which again controls the response to pressure (Buxton & 
Sibley, 1981). According to Cosgrove (1976) and Katsman (2010) the stress is concentrated at 
the tips of a deformed soft inclusion (in that case a clay particle) or a pore, leading to 
dissolution within these two zones of maximum compressive stress and finally to a consequent 
sideway growth forming finally a stylolite (Gratier, 1987; Braithwaite, 1986; Aharonov & 
Katsman, 2009). Hence pressure solution might be promoted by lithological heterogeneities, 
which further control the style of pressure solution (e.g. Garrison & Kennedy, 1977; Wanless, 
1979; Buxton & Sibley, 1981; Andrews & Railsback, 1997; Koehn et al., 2007; Ebner et al., 
2010a/b). Other authors even promote that clay minerals dispersed in matrix may play a more 
active role as catalyst for the process of pressure solution (Heald, 1956; Oldershaw & Scoffin, 
1967 or Bayly, 1986; Andrews & Railsback, 1997). Houseknecht (1988) for example indicated 
that samples that display pervasive illite grain coating have also experienced more pressure 
solution than those with no or poorly developed grain coatings. Furthermore, clay minerals 
enriched as dissolution residues along a stylolite might provide ideal diffusion pathways for the 
solvents due to their many water layers. The removal of the solvents into undersaturated parts 
of the rock inhibits a supersaturation at the location of dissolution, which again accelerates 
further dissolution to relieve the chemical potential gradient (Weyl, 1959; de Boer, 1977). 
However, it should be noted that other authors concluded that clay minerals are not necessary 
for pressure solution (e.g. Heald, 1956; Renton et al., 1969; de Boer, 1977 or Bathurst, 1975) 
or even retard the process (e.g. Heald, 1956; Sibley & Blatt, 1976; Heald & Baker, 1977 or 
Baker et al., 1980), whereas other concluded that stylolite are unlikely to develop when neither 
clay or organic matter are present (Choquette & James, 1987). 
Another pressure solution-promoting process related to the increased clay content in fine-
crystalline Mudstones might be clay mineral reactions forming acids (Giles & Marshall, 1986). 
Furthermore, Mudstones show also often an increased content of organic matter. Carbon 
dioxide as well as organic acids might generate by thermal maturation of the organic matter, 
leading to increased acidities and therefore also promoting the carbonate dissolution 
(Lundegard, 1985; Choquette & James, 1987; Machel, 2005).  
However, there are several other factors among the crystal size and the associated content of 
clay / organic matter which promote or retard the process of pressure solution. The type of the 
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pore fluid and its chemistry are one of it. Previous studies have shown that stylolites 
preferentially form in the water-leg. Since no indicators were found that the stringer once lost 
its fluid phase and felt dry it is assumed that the stringer remain always in the water- or oil-leg, 
hence pressure solution differences related to the water content (as suggested by Dunnington, 
1967 or Scholle, 1977) can be excluded. Furthermore, other studies have shown that pressure 
solution is strongly retarded or even prevented by the introduction of liquid hydrocarbons, since 
water might be excluded (Dunnington, 1967; Scholle, 1977; Worden & Heasley, 2000; 
Fabricius, 2003; Zhang & Spiers, 2005b). Fabricius (2003) described furthermore that oil might 
be adsorbed to the clay minerals, thus preventing the pressure solution. Especially clay-rich 
Mudstones might be affected by this process. However, the data of this study indicate that the 
highest stylolite densities were observed within these Dunham facies. Hence, most stylolites 
might either have formed before the onset of hydrocarbon generation and stopped growing in 
their presence, which might explain why stylolites within fine-crystalline rocks have 
preferentially smaller amplitudes than in coarse-crystalline rocks, or more likely this process is 
not applicable to the study area.  
Next to the type of the pore fluid also their chemistry might influence the rate of pressure 
solution. NaCl-enriched as well as gypsum-/anhydrite-saturated pore fluids seem to promote 
the process of pressure solution (Eliis, 1963; Malinin & Kakunov, 1971; Morse et al., 1980; 
Mucci, 1983; Renard & Ortoloeva, 1997; Hellmann et al., 2002;  Zhang & Spiers, 2005b, 2008; 
Li & Duan, 2011), in contrast to (meteoric- or marine-derived) Mg2+ and Po43- ions which might 
retard the process (Neugebauer, 1973, 1974; Berner & Morse, 1974; Scholle, 1977; Meyers & 
Hill, 1983; Zhang et al., 2002; Zhang & Spiers, 2005b). The effect of pore fluid-chemistry within 
the study area was described in detail in chapter 3.6.4.2.  
Fluid flow might be another factor controlling the rate of pressure solution, but also the rate of 
precipitation. First, because near-surface meteoric groundwaters might introduce carbon 
dioxide into the system leading to increased acidity (Stockdale, 1926; Machel, 2005) and 
secondly, because fluid flow might remove the solvents away from the locus of dissolution (e.g. 
Geise & Sansone, 1981), which prevent a supersaturation of the pore fluid and hence a “turn 
off” of further pressure solution as wells as cement precipitation. However, since no 
petrographic indicators for meteoric diagenesis were found within the studied samples, 
meteoric groundwaters as a pressure solution-promoting factor can be excluded. Furthermore, 
a later darcyian fluid flow can be excluded due to the very early sealing of the stringer. 
The role of porosity controlling the rate (and style) of pressure solution is unclear. Some 
authors favour that pressure solution was preferentially found in intervals with high porosities, 
since cross sectional area is smaller and stress is therefore more concentrated within the solid 
between the pores or at the tips of a deformed pore (Heald, 1959; Merino et al., 2003; 
Railsback, 1992, 1993a; Peacoock & Azzam, 2006). Other authors in contrast favour that 
stylolites form preferentially in well-cemented rocks with low porosities having structural 
resistance to stress (Harms & Choquette, 1965; Dunnington, 1967; Garrison & Kennedy, 1977; 
Wanless, 1979; Buxton & Sibley, 1981; Nelson, 1981; Choquette & James, 1987; James & 
Bone, 1989; Railsback, 1993c). But on the other hand, “early” lithification (= cementation) as 
well as dolomitisation also giving the rock more resistance seems to retard the process of 
 
 
 
Chapter 4: Discussion 
 
 
 174
pressure solution (Purser, 1978; Choquette & James, 1987; Houseknecht, 1987). However, 
the type of porosity and its volume is primarily controlled by the primary fabric of the rock 
(related to the depositional environment), but might during diagenesis be overprinted by 
cementation or dissolution processes. Also pressure solution-induced cementation might 
decrease the porosity around the stylolite, which might shift the location of pressure solution 
into zones of higher porosities.  
Previous studies have shown that the grade of cementation is often related to the Dunham 
class. Rock types with initially high porosity tend to be more cemented than rock types with 
initially lower porosities (Buxton & Sibley, 1981; Railsback, 1993c; Schoenherr, 2009).  
However, the cored intervals described in this study indicate that porosity and hence the grade 
of cementation have an important effect on pressure solution. Boundstones for example show 
generally the smallest number of stylolites per meter, even if this Dunham class had initially 
one of the highest porosities. Most vertical profiles confirm this trend, but a few vertical profiles 
also indicate Boundstone intervals with increased stylolite densities (e.g. G-1H1 or G-2H1). 
These different stylolite densities might be caused by different grades of cementation as 
indicated by the profiles showing the vertical distribution of cement phases (chapter 8.1.1.3). 
Especially the dolomite- and minor also the anhydrite-cementation seems to control the rate of 
pressure solution. Boundstone intervals with increased dolomite-cementation show generally 
lower stylolite densities (Figs. 138, 140 and 144) than intervals with lower grades of 
cementation. Note that the difference in solution intensities between well- and poor-cemented 
Boundstone intervals located directly next to each other is well shown within the profiles of the 
wells E-4H1, G-2H1 and G-4H1.  
 
4.2.2.3 Generic model of stylolite formation within the stringer 
Different stylolite orientations were described in chapter 3.6.4 which might possibly indicate a 
formation during different stages of burial and caused by different processes. Overall, three 
different “types” of stylolites were recognized: (1) parallel to lamination (2) oblique to lamination 
and (3) present-day horizontal orientation. A generic model of stylolite formation explaining all 
these different generations is shown in Figure 85. 
After deposition, the A2C-carbonate stringer was consequently buried, as indicated by all 
burial graphs presented in chapter 3.7. Conservative models describe the onset of burial-
related stylolites in a burial depth of around 500 -1000 m (Dunnington, 1967; Sellier, 1979; 
Lind, 1993), which was reached within the study area shortly before or at the start of salt 
tectonics. The weight of the overlying, horizontal uniformly distributed Ara carbonate-to-
evaporate strata might lead in pre- or initial stages of salt tectonic to vertical-oriented maximum 
principal stresses within the undeformed stringer and hence possibly to a formation of stylolites 
oriented parallel to lamination (green-coloured stylolites in Fig. 85). 
Subsequent sedimentation onto the top of the Ara Salt led during Nimr, Haima and Ghudun to 
passive downbuilding of these siliciclastics. The formation of so-called minibasins causes 
growth of isolated salt diapirs leading to a strong fragmentation and faulting of the carbonate 
intervals. Buckling folds develop close to the minibasins which might lead to a reorientation of 
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the stress field with maximum principal stresses now overall oriented horizontal. Stylolites 
formed by bending stresses during salt tectonics should therefore show a nearly vertical or 
oblique orientation relative to the bedding (red-coloured stylolites in Fig. 85), whereas the 
cutting angle between stylolite and lamination should depend on the position within the fold. 
Stylolites formed close to the axial planes should show a nearly perpendicular orientation to 
lamination in contrast to stylolites formed on the limbs of the fold, which should generally show 
lower crosscutting angles. The highest stylolite density and hence the highest calcite 
cementation can be expected in the inner arc of the fold since compression is highest in this 
part of the fold. Ongoing bending of the stringer during ongoing salt tectonics might lead to 
rotation of existing stylolites and additionally to formation of new tectonic stylolites which 
possibly crosscut existing stylolites. But ongoing bending might have also opened existing 
stylolites in the outer arc of the folds.  
Another set of stylolites was most likely formed in post-salt tectonic times by the weight of the 
overburden. This type of stylolite should be characterised by a present-day horizontal 
orientation, in contrast to the dipping lamination, which might already tilted during salt tectonic 
deformation (blue-coloured stylolites in Fig. 85). Note, if the lamination was not tilted during 
salt tectonics, these horizontal-oriented stylolites can not clearly be differentiated from 
stylolites formed prior or in initial stages of salt tectonics. Furthermore, the finite element 
models indicate a “bending” of the stringer most likely related to a gravitational sinking of the 
stringer with a total vertical displacement of up to 100 m in post-salt tectonic times, especially 
the limbs of the western bulge anticline and the syncline between the anticline in the eastern 
part of the model, which might lead to ongoing bending stresses within inner arcs of the folds 
and hence to stylolites that might be oriented oblique or perpendicular to lamination (purple-
coloured stylolites in Fig. 85). However, a differentiation between this type of stylolite and 
possibly salt tectonic-related stylolites is difficult since both types should show similar 
orientations and can be expected in similar structural positions (i.e. in the inner arc of folds). 
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Figure 85: Generic model describing the formation of all stylolite types observed on core material. 
Model A differ from Model B by the different styles of bending during salt tectonic deformation as well 
as by the different styles of a possible gravitational sinking in post-salt tectonic times. Bending of the 
stringer leading in Field E already in end of salt tectonic times to bending styles similar to those of the 
present-day geometries was assumed for model A, in contrast to model B, where a formation of a 
large-scaled anticline was assumed for salt tectonic times possibly followed by a gravitational sinking 
of the hinge in post-salt tectonic times leading to the present-day smooth folding of Field E. Overall, 
both models most likely lead to different styles of stylolite growth.  
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4.2.2.4 Stringer fragmentation linked with numerical models 
The seismic interpretation of the stringer indicates a generally intensively fractured A2C 
interval with radial fracture patterns around the NE-SW oriented axis of the 1st generation 
minibasin in the central part of the study area (Fig. 6). The interpretation of the BHI’s as well as 
the core description furthermore have shown that wells located within the bulge anticline of 
Field G show generally higher fracture densities than wells located in the more smoothly folded 
Field E (s. chapter 3.6.1.1). However, partly mineralized fractures are overall the most 
common fracture type within the study area followed by mineralized fractures and non-
mineralized, present-day open fractures (Figs. 42 - 44 and chapter 8.1.1.6). (Partly) 
mineralized fractures in Field G were preferentially mapped in the upper half and locally 
additionally in the lower half of the stringer, but are generally absent in the central part, in 
contrast to Field E, where they are common in the central part as well as in the lower half but 
generally lack within the upper part of the stringer (chapter 8.1.1.6). Different cement phases in 
fracture porosity were mapped within the study area. Reservoir bitumen is the most common 
fracture fill within the studied stringer that was preferentially mapped within the upper and/or 
lower half of the stringer, but lacks in the central part. Anhydrite is a further important, but not 
the dominant cement phase, which preferentially occur in the hinge region of a fold. Halite and 
calcite are cement phases of local importance, whereas halite was preferentially mapped in the 
outer arc regions of folds in contrast to calcite that was preferentially mapped in the inner arcs. 
Present-day open fractures are only of minor importance within the study area, but were 
preferentially mapped in the outer arc regions, whereas dolomite is overall a negligible cement 
phase within fracture porosity (s. chapter 3.6.1.3). 
However, the existing BHI-fracture classification describing the grade of cementation is 
suitable for reservoir characterization, i.e. mapping the fracture porosities which might act as 
possible fluid pathways, but bear minor information on the origin and formation time of the 
fractures. Therefore the fractures were furthermore classified with regard to their formation 
mechanism by using the orientation of the fracture and the crosscutting relationship between 
fractures and bedding planes (described in detail in chapter 2.9). Different types of fractures, 
shear as well as extension joints, were recognized within the study area: (1) Extension joints 
(strike-parallel) (2) Extension joints (limb transverse) (3) Shear joints (conjugate set on bedding 
plane) (4) Shear joints (conjugate set within layer) (5) Shear joints (bed-parallel) and (6) thrusts 
(s. chapter 3.6.1.2). 
Strike-parallel extension joints are characterised by a strike similar to those of the bedding 
plane and a present-day nearly vertical orientation showing a cutting angle to the bedding of 
around 60 – 90° (Wilson et al., 1992; Fjær et al., 1992; Daehnke, 1999). Existing conceptual 
models of fold-related fracture patterns (e.g. Stearns, 1968; Stearns & Friedman, 1972; Price & 
Cosgrove, 1990 or Fischer et al., 2009) indicate a preferred occurrence of strike-parallel 
extension fractures in the outer arc regions of a fold, whereas the extension and hence the 
grade of fracturing increases with ongoing folding. Similar stress distribution patterns are 
indicated by the FEM models calculated during this study (e.g. Figs. 51 or 53). The large-
scaled bulge anticline in the western part of the study area formed by convergent salt flow 
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during passive downbuilding of both 1st generation minibasins indicate that the stringer of Field 
G was stronger deformed than more smoothly-bended stringer fragment of Field E Accordingly 
higher extension and therefore a higher number of strike-parallel extension fractures can be 
expected within Field G than in Field E, which overall fit well with the core observations that 
strike-parallel extension fractures are generally more common in Field G than in Field E. 
Furthermore, the vertical distribution patterns fit well with the conceptual model, since most 
strike-parallel extension fractures within wells drilled into anticlines were found in the upper 
halves of the stringer forming the extensive outer arcs regions of an anticline (Table 3 and 
chapter 8.1.1.6). The increasing anhydrite and halite cementation in fracture porosity towards 
the hinge region of an anticline (Table 3 and chapter 8.1.1.6) and the preferred occurrence of 
strike-parallel extension fractures in the outer arc regions of a fold might indicate that strike-
parallel extension fractures formed during salt tectonic deformation were preferentially filled 
with one of both cement phases. However, the FEM furthermore indicate a gravitational 
sinking of the stringer in post-salt tectonic and still in recent times (Fig. 54), especially the 
western limb of the bulge anticline of Field G and the syncline located between the two 
anticlines in Field E, leading to ongoing bending stresses and folding of the stringer, which 
might cause an ongoing formation of this fracture type even in post-salt tectonic times. The 
time slice of the FEM showing a model of the recent stress field (Fig. 86) indicates that the 
present-day highest extension in Field G can be expected within the hinge region of the bulge 
anticline as well as in the lower part of the western limb forming progressively the outer arc of 
an initial syncline, whereas the highest extension in Field E is indicated within the hinge 
regions of the both anticlines surrounding the possibly sinking syncline to both sides as well as 
in the outer arc of the syncline itself (compare Figure 86). However, most partly mineralized 
and non-mineralized strike-parallel extension fractures within the bulge anticline of Field G as 
well as within well E-6H2, drilled into the anticline located towards the east of the sinking 
syncline, were found in the upper half of the stringer (Table 3 and chapter 8.1.1.6), which 
possibly might indicate an opening in an extensional regime within the recent in-situ stress 
field, but can also explained by other mechanisms (s. chapter 2.9). Therefore, extensional 
regimes within the recent stress field might be one possibility to explain the spatial distribution 
pattern of recently formed, non-mineralized or even partly mineralized strike-parallel extension 
fractures, if the partly mineralized fractures were re-opened due to the recent stress field (= 
enhanced fractures). In summary, strike-parallel extension fractures caused by salt tectonic-
related bending stresses or during initial stages of a possibly stringer sinking formed 
preferentially in the outer arc of the folds and were preferentially filled with halite or anhydrite, 
whereas strike-parallel extension fractures formed by gravitational sinking of the stringer are 
characterised by a lack of cementation or a (partially) opening of an existing already cemented 
fracture.  
Another, but minor important type of extension joints are limb-transverse extension joints that 
are characterised by a strike oriented nearly perpendicular to the strike of the bedding, 
whereas the fracture has a present-day steep, nearly vertical dip. However, no clear vertical 
distribution trends or preferred fracture fill were observed for this type of fracture, which might 
be an effect of its steep dip, which might reduce the likelihood of crosscutting the borehole. 
Even if most limb-transverse extension joints are cemented, a few wells are dominated by non-
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mineralized fractures of this type (e.g. G-1H3 or E-3H1; Table 2), which might either indicate a 
formation in salt tectonic times and later a lack of cementation, a flushing of soluble fracture fill 
or a more recent formation in the present-day in-situ stress field.   
Next to these extensional fractures, also three types of shear joints were recognized within the 
study area. Shear joints forming a conjugate set on bedding planes are characterised by an 
oblique strike to the bedding planes and a present-day nearly vertical dip, in contrast to shear 
joints forming a conjugate set within a layer that characterised by a strike similar to those of the 
bedding planes and a present-day cutting angle to the bedding of around < 60° (Wilson et al., 
1992; Fjær et al., 1992; Daehnke, 1999). Bed-parallel shear joints are the third type of shear 
fractures that are characterised by dip directions and angles similar to those of the bedding 
planes.  
However, shear joints typically form in compressive regimes. Since convergent salt flow during 
passive downbuilding of the 1st generation minibasins leads in Field G to higher compressions 
compared to Field E, characterised by unidirectional salt flow during passive downbuilding of 
the 2nd generation minibasin, more shear joints can be expected within Field G than in Field E, 
which generally fits well with the interpretation of the BHI’s and cores. For all three types of 
shear joints higher fracture densities are indicated within Field G than in Field E.  
Maximum principal compressive stresses oriented parallel to lamination are needed to form 
shear joints forming a conjugate set within a layer. The FEM indicates this orientation for large 
parts of the stringer during the complete salt tectonic deformation (Figs. 51 to 53). Additionally 
the FEM’s indicate the highest principal compressive stresses during salt tectonic-related 
bending within the inner arc of the folds (e.g. Figs. 51 to 53). Accordingly, shear fractures 
forming a conjugate set within a layer might be expected in large parts of the stringer, but most 
shear joints might be expected within the inner arc of the folds, which fits well with vertical 
distribution within the wells G-1H3 and B-1H1. However, this type of fracture was in nearly all 
other wells preferentially observed within the central and/or upper part of the stringer and not in 
the inner arc of a fold, as expected. This difference might be explained by fracturing started 
already in initial stages of salt tectonic, when the principal compressive stresses on the top and 
the bottom of the stringer were still similar (Figs. 50). However, ongoing bending possibly 
caused by gravitational sinking of the stringer in post-salt tectonic times might lead to ongoing 
formation of shear joints forming a conjugate set within a layer even beyond the end of salt 
tectonics. Furthermore, existing and already cemented fractures might be (partially) re-
opened/-activated by the recent shear movements related to the possible gravitational sinking 
of the stringer.  
The highest fracture densities of shear joints forming a conjugate set on bedding planes were 
mapped within Field G compared to Field E, which might also be caused by the different styles 
of salt flow within both fields leading to different styles of stringer deformation/bending. 
Furthermore, the rate of salt flow was higher in Field G than in Field E as indicated by the 
present-day overall lower salt thickness above the eastern limb of the bulge anticline in Field G 
compared to the salt thickness above the most western limb of Field E (Fig. 5), which also 
might lead to higher principal compressive stresses within Field G (also indicated by the FEM, 
e.g. Figs. 51 or 52). However, this type of fracture shows a widely dispersed vertical 
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distribution, which might either be an effect of the steep dip of these fractures leading to a non 
representative vertical distribution trend or might indicate an evenly-distributed formation over 
the entire stringer interval. Nevertheless, generally higher fracture densities might be expected 
within anticline’s limbs close to the minibasin, compared to limbs located on the remote side of 
the anticline. 
Bed-parallel shear joints are generally of minor importance within the study area, but are more 
common in Field G than in Field E (Table 2 and chapter 8.1.1.6), which might be an effect of 
the different deformation styles of both fields. Convergent salt flow formed a well-developed, 
large-scaled bulge anticline within the western part of the study area, whereas the 
unidirectional salt flow of Field E formed several small-scaled, more smoothly bended folds. 
Since extension is higher in large-scaled folds, more motion along bedding planes might be 
expected within Field G than in Field E, which is in line with the interpretation of the BHI- and 
core-data. The vertical distribution indicates a preferred occurrence within the central part of 
the stringer (Table 2 and chapter 8.1.1.6). But even if no present-day open bed-parallel shear 
joints were mapped within the study area, a formation in recent times can not be excluded, 
since a possible gravitational sinking with a total vertical displacement up to 100 m 
(~ 0.2 m/Ma) might still leads to a deformation of the stringer. 
Thrusts were preferentially mapped within the northeastern part of the stringer and there within 
the lower and minor in the central part of the stringer (Table 2 and chapter 8.1.1.6), which 
indicates a strong compressive regime within this part of the stringer in salt tectonic times. 
 
4.2.2.5 Present-day in-situ stress field linked to FEM 
An isotropic stress distribution (σ1 = σ2 = σ3) with stresses close to the lithostatic pressure are 
described for undeformed rock salt (e.g. Price & Cosgrove, 1990). Anhydrite and/or carbonate 
inclusions (so-called stringers) embedded into undeformed rock salt should consequently show 
a similar, nearly isotropic stress distribution dominated by the weight of the overburden.  
Horizontal tectonic shortening or passive downbuilding caused by differential loading onto the 
top of the salt might lead to salt flow and hence to a triaxial stress distribution (σ1 > σ2 ≥ σ3) 
within the salt. Caused by converged salt flow the anhydrite and/or carbonate inclusions 
embedded into the rock salt might get deformed, whereas the direction of the maximum 
principal compressive stress within the stringer is similar to those of the salt flow. 
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Figure 86: FEM indicating a present-day non-isotropic in-situ stress field within the stringer, althoughf 
salt tectonic deformation ended already in early Ordovician times (~ 498 Ma). The most likely 
explanation for this most likely non-isotropic stress field might possibly be gravitational sinking of the 
stringer in post-salt tectonic times leading to highest maximum principal compressive stresses in the 
inner arc of the fold and accordingly to highest maximum principal extensive stresses within the outer 
arc of the folds. Note that the result of the FEM fit overall well with most likely non-isotropic  in-situ 
stress field derived from breakouts and drilling induced/enhanced fractures.  
 
 
 
Chapter 4: Discussion 
 
 
 182
Salt tectonic movements continue until horizontal tectonic shortening stops or until salt ridge 
rise can not keep pace with the massive sedimentation (indicated by constant layer 
thicknesses of the overlying rocks). When salt tectonic stops, the end of salt flow might causes 
a lack of ongoing principal compressive stresses within the salt. Consequently, the salt 
becomes again an isotropic stress distribution over time, whereas the lithostatic pressure might 
increase during ongoing burial of the stringer related to the sedimentation of the overlying 
rocks with constant thicknesses. Contemporaneously but much slower the remaining tectonic 
stresses within the stringer embedded into the now isotropic-stressed rock salt might also 
diminish over time, either by brittle/ductile deformation or by pressure solution. Existing FEM 
models indicate that the stringer might be already relaxed ~ 60 Ma after the end of salt 
tectonics (e.g. Li et al., 2012). 
Considering, that salt tectonics within the study area ended already in early Ordovician times 
(~ 498 Ma) and no later halokinetic movements because caused by reactivation of basement 
faults or salt dissolution are indicated (Al-Barwani & McClay, 2008), the stringer should 
present-day show no further differential stresses, hence it should show an isotropic stress 
distribution. But in fact, the occurrence of breakouts as well as drilling induced/enhanced 
fractures within the studied A2C interval might indicate a non-hydrostatic recent in-situ stress 
field characterised by differential stresses. 
 
The orientation of breakouts and drilling induced/enhanced fractures (described in detail in 
chapters 3.6.2 and 3.6.3) indicate that the distribution of maximum principal horizontal stresses 
within the recent stress is consistent to a radial distribution pattern with origin within the centre 
of the central 1st generation minibasin and directed towards the margin of this minibasin, 
whereas the distribution of minimum principal horizontal stresses is consistent to a concentric 
distribution pattern oriented parallel to the strike of the bulge anticline.The vertical profiles 
presented in chapter 3.6.2 and 3.6.3 furthermore indicate a strong relationship between in-situ 
stress indicators and structural position, especially for Field G, where most breakouts 
indicating the direction of highest principal compressive stresses were mapped in the inner arc 
of the bulge anticline. However, the vertical distribution of the well E-2H1, also located close to 
the axial plane of a smaller fold, might indicate the highest compressive stresses close to the 
outer arc of the fold and not as expected in the inner arc. 
However, also the FEM might indicate a present-day non-isotropic stress field within the 
stringer (Fig. 86), which generally fits well with the most likely non-isotropic recent stress field 
derived from BHI interpretations. Therefore the FEM might be a useful tool for a better 
understanding of the in-situ stresses within stringer, especially their origin and their spatial 
distribution. The FEM indicates that principal compressive stresses generally increase with 
depth, which might indicate that the weight of the overburden seems to be one factor 
controlling the principal compressive stresses (Fig. 86). But the structural position seems to be 
another controlling factor, as indicated within the bulge anticline located in the western part of 
the central minibasin. The highest principal compressive stresses along the axial plane of the 
bulge anticline are indicated within the inner arc, whereas the principal compressive stresses 
generally decrease and the tensile stresses increase towards the outer arc of the anticline 
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(Fig. 86), which fits well with the BHI observations. The FEM furthermore might indicate that 
these bending stresses are possibly caused by a recent gravitational sinking of the bulge 
anticline’s limbs with rates of up to ~ 0.2 m/Ma instead of stresses that remain within the 
stringer since end of salt tectonic movements (~ 498 Ma). The well fitting between FEM and 
mapped breakouts and drilling induced/enhanced fractures indicate the reliability of the stringer 
deformation shown in the FEM but might also indicate that stringer embedded into not active 
deformed (= relaxed) rock salt might sink in limited scale. 
However, also the unexpected vertical distribution of features indicating the orientation of  
maximum principal stresses within the well E-2H1 show their highest density within the upper 
most parts of the anticline which generally fit well with the stress distribution shown within the 
FEM. The distribution of the van Mises stresses indicates that the rate of deformation within 
the anticline drilled by the well E-2H1 is highest within the upper most part of the western limb, 
exactly where the well is located. Furthermore the FEM indicates that the maximum principal 
compressive stresses at the position of the well E-2H1 might increase towards the top of the 
stringer (Fig. 86), which again fit well with the increased occurrence of drilling 
induced/enhanced fractures in the upper part of the encountered A2C interval (Fig. 45). The 
occurrence of differential stresses, which are necessary to form drilling induced/enhanced 
fractures, and the “reverse” stress distribution with increasing principal compressive stresses 
towards the top most likely might also be an effect of a possible gravitational sinking of the 
stringer in post-salt tectonic times. Indicators were found within the FEM, that especially the 
syncline in the centre of the eastern stringer fragment might sink in post-salt tectonic times 
leading to bending stress in the inner arc(s) of the syncline and surrounding anticlines. The 
bending stresses of the syncline should be concentrated within the upper part of the stringer 
which could therefore be a possible explanation that might explain the occurrence of drilling 
induced/enhanced fractures within the upper part of the well E-2H1.  
However, the BHI data indicate two different fracture sets oriented perpendicular to each within 
the well E-2H1 (Fig. 45): drilling induced fractures oriented WNW-ESE, in contrast to the NNE-
SSW oriented drilling enhanced fractures. Drilling enhanced fractures are defined as pre-
existing (already cemented) fractures that were re-opened during drilling. The NNE-SSW 
orientation and the vertical position might indicate that this type of fracture was most likely 
formed during salt tectonics in the extensional outer arc of the anticline. But possibly a post-
salt tectonic gravitational sinking of the syncline located towards the west might lead to tensile 
stresses within the limbs of the anticline, which hence might opened the pre-existing tectonic-
related fractures. The second, WNE-ESE oriented fracture were interpreted as drilling induced 
(tensile) fractures that formed during drilling which shows a consistent distribution to the 
expected recent in-situ stress field. These radial oriented horizontal principal maximum 
stresses might have elongated the initially round shape of the bore leading to a concentration 
of tensile stresses along the short axis of the ellipsoid, which might have formed these drilling 
induced fractures oriented parallel to the maximum principal compressive stresses. 
In summary it can be said that the breakouts and drilling induced/enhanced fractures show a 
spatial distribution pattern which is consistent with a radial oriented, non isotropic stress field 
within within the stringer, even if salt tectonics already ended in early Ordovician times 
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(~ 498 Ma), which support next to their vertical distribution the results of the FEM, i.e. that the 
present-day non isotropic stress field might possibly caused by a small-scaled gravitational 
sinking of the stringers in post-salt tectonic times. 
However, assuming that principal compressive stresses are one of the main driving forces of 
pressure solution and neglecting the other factors (such as crystal size, facies, clay content 
etc.), it can be expected, that most bending stress-related stylolites (formed in post-salt 
tectonic times) and hence the most extensive calcite cementation related to this type of 
stylolite should be found within the inner arcs of the folds. Based on the observation that 
principal compressive stresses generally increase towards the depths it furthermore can be 
expected that folds in deeper positions should show a higher grade of pressure solution and 
hence of calcite cementation than folds in more shallow positions.  
This knowledge on the factors controlling the pressure solution as well as on the spatial 
distribution of stylolite densities might bear crucial information for future exploration activities, 
since rocks around stylolites are often extensively cemented with calcite cement leading to a 
nearly completely loss of PoroPerm. 
 
4.2.3 Origin of calcite-dominated intervals within Field E and 
Field G 
Calcite-dominated intervals in the study area are characterised by an almost complete loss of 
interparticle porosity and permeability. Calcite often shows a medium to coarse crystalline, 
anhedral mosaic texture that lacks intercrystalline porosity. The understanding of processes 
responsible for calcite dominance therefore has important implications for the prediction of 
reservoir properties. Previously the calcite-dominated intervals were interpreted to be 
limestones that were not replaced during reflux dolomitisation due to the wedging out of the 
dolomitising flow and/or their low permeability. This model was proposed for strongly cemented 
Boundstone facies (e.g. Bauer & Sellar, 2004) as well as for basinal Mudstones (Bauer & 
Sellar, 2004; Ruf, 2006). By a combination of cathodoluminescence and geochemical analyses 
it could be demonstrated in this study that an alternative process is the replacement of 
dolomite by calcite in the intermediate and deep burial realm. Figure 87 shows that calcite-
dominated intervals in G-8H1 are formed by dedolomite and calcite cement rather than 
undolomitised limestone. Not completely digested inclusions of dolomite within the calcite 
crystals indicate that a precursor dolomite was replaced by calcite (Figs. 88 A,E). The 
presence of liquid oil inclusions (Fig. 88 C) within some of the replacive calcites and the calcite 
cements further indicate a deep burial origin for the calcitisation. This interpretation is also 
supported by the oxygen and carbon isotope analyses. The isotope values of replacive calcite 
and calcite cements display a typical burial trend to depleted δ18O and slightly depleted δ13C 
values (Fig. 89). From core and petrographic observations it is evident that calcite-dominated 
intervals often are intensively affected by stylolitisation (Fig. 87). The occurrence of stylolites 
and calcite-dominated intervals can not be explained solely by the higher susceptibility for 
pressure solution of limestones compared to dolomites.  
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Figure 87: Downhole Plot – calcite cementation and dedolomitisation near stylolites (A2C interval within 
the well G-8H1). 
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Figure 88: Calcite cementation and dedolomitisation near stylolites in the A2C of the well G-8H1. 
A) G-8H1 (4969.13 m): Dedolomite with inclusions of relic dolomite (yellow arrow). [ppl] 
B) G-8H1 (4984.20 m): Reservoir bitumen-lined stylolite and calcite-filled pores (yellow arrow). [ppl] 
C) G-8H1 (4984.20 m): Calcite cement in an intercrystalline pores. Notice the round oil inclusions 
within the calcite (yellow arrow) which indicates a late calcite cementation after oil migration. 
[ppl] 
D) G-8H1 (4994.13 m): Reservoir bitumen-lined styolite embedded into a dedolomite matrix. [ppl] 
E) G-8H1 (4994.13 m): Magnification of Figs. X-D. Relic dolomite inclusion within a dedolomite, 
which indicates that the dolomite was replaced by dedolomite. Notice the corroded shape of the 
dolomite. [ppl] 
F) E-9H2 (4752.63 m): Porosity which was destroyed by calcite cementation during 
dedolomitisation. [cathodoluminescence] 
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Figure 89: Oxygen and carbon isotope cross-plot for all measured dolomite and calcite samples of the 
A2C interval. Letters refer to thin-section photographs in Fig. 88. 
 
The petrographic observation that calcite cement often occludes intercrystalline porosity and 
tension gashes adjacent to stylolites rather indicates that the pressure solution is the source of 
the calcitising fluids. Anhydrite dissolved along stylolites could be a source of Ca2+ ions, locally 
increasing the Mg/Ca ratio of the pore fluids and favouring the precipitation of calcite.  
The degree of calcite cementation and dedolomitisation hence would depend on the amount of 
anhydrite dissolved along individual stylolites and the degree of stylolitisation. Calcite 
cementation and dedolomitisation seem to be especially abundant in massive thrombolites and 
basinal facies. In the basinal facies the abundance of organic rich laminae might be a trigger 
for intense stylolitisation. In the massive thrombolites, the low permeability in strongly 
cemented units might have prevented complete dolomitisation as suggested by Bauer & Sellar 
(2004). During burial these undolomitised layers should be more prone to stylolitisation than 
dolomitic layers. Pressure solution in these recrystallised limestones likely would lead to calcite 
cementation in the vicinity of stylolites, further reducing the reservoir potential. Calcite-
dominated intervals within the sequence 2 of the southern part of Field G e.g. are 
characterised by extremely low porosity and permeability values. The relationship between 
stylolitisation, calcitisation and porosity loss can also be extrapolated to areas outside the 
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Fields E and G. Calcite cementation and dedolomitisation in sequence 1 of the well C-7H1, 
e.g. has led to a significant porosity reduction. 
 
4.2.4 Oil & gas generation and formation processes of 
reservoir bitumen 
The beginning presence of hydrocarbons denotes the broad field of diagenetic alterations of 
the deep burial realm (Machel, 1999). Understanding the timing of first oil charge hence is of 
importance to link the paragenetic sequence to the burial and temperature history of the 
stringer. Therefore the onset of first oil generation was determined using the classification of 
Pepper & Corvi (1995). They determined for aquatic-marine carbonates/evaporites (equivalent 
with IFP-kerogen type II’S’) the lower limit (95 °C) and the upper limit (135 °C) of the oil 
window. Notice that the assumed kerogen-type of Pepper & Corvi (1995) is conform with the 
geochemical data of Schoenherr (2007b) and Grosjean (2009), who determined preferentially 
kerogen type II (oil) and also kerogen type III (gas).  
The temperature histories of Field E (Fig. 57) indicate that the stringer reached in all five 
models the oil window during end Amin/beginning Mahwis times (~ 510 Ma), whereas all five 
models of Field G indicate an earlier first oil generation during the onset sedimentation of the 
Amin Group (~ 520 Ma). In accordance with Al-Barwani & McClay (2008), the seismic 
interpretation of the study area shown in Kukla et al. (2011, Fig. 5) indicates that salt tectonic 
in both fields started with the passive downbuilding of siliciclastic minibasins belonging to the 
Nimr-Group (~ 538 Ma). Major salt tectonic movements in Field G ceased when the Nimr-
minibasin grounded on the sub-salt sequence during end Nimr times (~ 520 Ma). Salt tectonic 
movements continued in Field E until end Mahwis times (~ 499 Ma) due to the downbuilding of 
another minibasin further to the NE. The first oil in Field E hence was generated during salt 
tectonic times in contrast to Field G, where the first oil was expulsed at the end of salt tectonics 
(Figs. 57 and 58). Notice that the timing of first oil charge is similar in all five scenarios 
(chapter 8.1.4). Subsequently, the stringers remain in the temperature range close to the lower 
limit of the oil window (Figs. 57, 58 and 175 - 195).  
 
Reservoir bitumen is a further important marker phase for the deep burial diagenesis. Different 
bitumen forming processes are described in the literature such as bacterial sulphate reduction 
(BSR; Machel, 2001), thermochemical sulphate reduction (TSR; Machel, 2001), gas 
deasphalting (Wilson et al., 1936; Milner et al., 1977; Dahl & Speers, 1985; Wilhelms & Larter, 
1994b), biodegradation (Connan, 1984; Huc et al., 2000), pressure and temperature reduction 
(Hirschberg & Hermans, 1984; Burke et al., 1990), in-reservoir oil mixing (Larter et al., 1990), 
thermal alteration (Wilhelms & Larter, 1995; Gross et al., 1995; Hunt, 1996) or production 
operations such as water-flooding or CO2 injection (Hwang & Ortiz, 1998).  
Biodegradation can be excluded since Grosjean (2009) has shown that the biomarkers within 
the stringer oils show no evidence for biodegradation. Thermal alteration also can be excluded 
since Pepper & Corvi (1995) have shown that the threshold of thermal cracking within aquatic-
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marine carbonates/evaporites is > 155 °C. Neither the modelled burial graphs nor the 
maximum burial temperatures calculated from bitumen reflectance measurements point to 
temperatures > 155 °C. In-reservoir oil mixing seems to be an implausible process since a 
mixing of crude oils from multiple source rocks (Larter et al., 1990) can be excluded due to the 
sealing of the stringers by rock salt. A charge of gaseous components from other source rock 
is needed for gas deasphalting, which also can be excluded due to the reason mentioned 
before. Machel (2001) describes for TSR a thermal regime between 100-140 °C (up to 160-
180 °C). Although the bitumen reflectance measurements confirm that the stringers reached 
the lower limit of this thermal regime, neither the carbon and oxygen isotopes nor the sulphate 
isotopes point to this process (more details can be found in chapter 4.1). 
Machel (2001) describes for BSR a thermal regime between 0-80 °C. The stringer were buried 
very fast during ongoing salt tectonics and temperatures increased up to 130 °C, which make it 
unlikely for the bacteria to stay alive. A later phase of BSR can be excluded, even if the 
stringers reached again the BSR temperature range during Carboniferous (in model 2 and 3 
also since Devonian; chapter 8.1.4) since the stringers are sealed by rock salt and an 
infiltration of external brines with ’new’ bacteria seems unlikely. The stable isotopes also do not 
support a strong influence of bacterial sulphate reduction in the subsurface, since most of the 
carbon isotopes measured on dolomite are relatively 13C enriched.   
Since we are not familiar with the production processes in these fields, we can not evaluate 
their influence on reservoir bitumen formation. However the fact that many diagenetic phases 
show inclusions of reservoir bitumen indicates that reservoir bitumen precipitated before 
production started.  
Pressure and temperature reduction might be the most likely process leading to formation of 
bitumen. Taylor et al. (2010) refer to gas-condensate accumulations within the SOSB 
originated from palaeo-oil phases within overpressured reservoirs which were depressurised 
during ’deflation’ events. This might be the most likely process of bitumen formation within the 
stringer assuming that the first oil in the Fied E was already generated during salt tectonic 
times and that this stringer was depressurised during further salt tectonics. Due to several 
phases of temperature decrease associated with uplift phases in the further burial history of 
the stringer it can not be excluded that further bitumen was formed by the process of pressure 
and temperature reduction. 
 
 
4.3 The role of crystal sizes on PoroPerm 
Defining classes with similar PoroPerm relationships, so-called rock typing, is often required to 
estimate and extrapolate the permeability in exploration or modelling studies. An often used 
approach is the crystal size. Clear relationships between crystal size and PoroPerm were 
found in previous studies (e.g. Lucia, 1995) and therefore the concept was tested for the Ara 
stringer play. 
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Since the crystal size measurements have shown larger crystal sizes in calcitic samples (often 
classified as Lucia class 1) than in the generally very fine- to fine-crystalline dolomitic samples 
(predominantly classified as Lucia class 3 and Lucia class 2 with exception of a few grain-
dominated Grain-/Packstones which were classified as Lucia class 1 samples), higher 
permeability values for a given porosity can be expected in calcite-dominated samples. But in 
fact the coarser-crystalline calcitic samples show generally strongly depleted permeability 
values (Fig. 15) which might result from the neomorphic texture of those samples. Rock fabric 
analyses have shown that calcite-dominated samples are typically characterised by a tightly 
interlocking mosaic of replacive crystals that are additionally cemented by calcite (Fig. 88 F). 
This fabric results in a nearly complete loss of intercrystalline porosity and hence leads to a 
strongly reduced permeability (Fig. 15). Therefore the crystal size and hence Lucia class of 
calcite-dominated samples can not be used for rock typing purposes within the studied 
stringer. The dolomitic samples of this study show in contrast a clear relationship between 
crystal size and PoroPerm. Lucia class 1 shows on average the highest permeabilities for a 
given intercrystalline porosity (Figs. 16 and 18). However, Lucia class 2 and 3 show a large 
overlap in the porosity/permeability field below 50 mD (Figs. 16 and 18). This wide overlap in 
porosity/permeability characteristics between Lucia class 2 and 3 might result from the 
generally very-fine to fine crystal size within the study area. The crystal sizes of many samples 
just straddle the 20 µm defined as threshold separating the Lucia class 2 and 3 groups. The 
crystal sizes therefore fall either in the high Lucia class 3 or lower Lucia class 2 spectrums, 
making a separation of both fields difficult. However, permeabilities exceeding 50 mD were 
preferentially observed in Lucia class 2 samples (Figs. 16 and 18). Even if the Lucia classes 
are overall of limited value for rock typing purposes within the study area, because of the high 
variability in the porosity/permeability relationship within each class (Figs. 16 - 18), a few 
relationships (e.g. Lucia class 1 show higher permeabilities) can be used to estimate 
permeabilities for a known porosity. Based on this relationship, the highest permeabilities for a 
given interparticle porosity within sequence 5 can be expected in the northern part of Field G 
due to the fact that the well G-4H1 (possibly also G-2H1 and G-8H1) shows the highest 
percentage of Lucia class 1 samples (Fig. 21). In sequence 4 more Lucia class 1 samples 
were indentified in Field G and well F-1H1 than in Field E and therefore the permeability for a 
given porosity should be higher in Field G and in well F1-H1 than in Field E. Sequence 3 
shows generally minor Lucia 1 samples compared to sequence 4 and 5, hence the 
permeability values for a given porosity should also be slightly depleted in this sequence 
compared to both overlying sequences. But the northern part of Field E and G and the wells G-
3H2 and E-11H3 should have higher permeabilities than the central part of the stringer due to 
the higher proportions of Lucia class 1 samples. The predominance of Lucia class 2 samples 
and the absence of Lucia class 3 samples within sequence 2 might indicate intermediate 
permeabilities for a given porosity. Generally higher permeability values should be measured 
in the most northern wells of both fields and the well G-2H1 because of the occurrence of 
additional Lucia class 1 samples. In sequence 1 the highest percentages of Lucia class 1 and 
Lucia class 2 samples were identified within the wells G-3H2 and G-4H1 and thus the 
expected permeability values should be higher than within the wells E-4H1, E-5H1 and G-1H1 
which show in contrast more Lucia class 3 samples.  
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However, understanding the factors controlling the crystal size is of importance to understand 
the spatial distribution patterns of Lucia classes and finally for reliable permeability estimations. 
Purser et al. (2009) have shown that the dolomite crystal sizes in dolomitised limestones 
depend on the fabric of the initial limestone sample and hence on the depositional facies. 
Where there are many nuclei during dolomitisation (e.g. in Mudstones), many smaller dolomite 
crystals form resulting in tightly packed, low porosity and low-permeability fabrics (Purser et al., 
2009). Inversely, fewer nucleation sites (e.g. in Boundstones) during dolomitisation, which do 
not infere in growth, will favour larger crystals. These models are conform with the 
observations of this study. Most Lucia class 1 samples belong to the Grain-/Packstones, 
Boundstones show a high percentage of Lucia class 2 but also Lucia class 3 samples, Pack- 
and Wackestones are slightly predominated by Lucia class 2 and Lucia class 3 were 
predominantly indentified in Mudstones. Hence, one main factor controlling the distribution of 
Lucia classes is their depositional lithofacies (Figs. 25 and 26). Thus existing facies models 
can be used to predict areas of relative high permeabilities. Accordingly, the highest 
permeabilities can be expected in Grain-/Packstone-dominated intervals, slightly depleted 
values should be measured in Boundstone facies, Pack- and Wackestone-dominated intervals 
should show intermediate permeabilities and the smallest permeabilities can be expected in 
Mudstone facies. Since the boundstones of Field G (especially the wells G-1H1 and G2-H1) 
shows a higher percentage of Lucia class 3 than those of Field E, Field E should generally 
smaller permeability values than Field G and especially the wells G-1H1 and G-2H1.  
However, the study has also shown that the Lucia classes are overall of limited value for rock 
typing purposes within the study area since many samples straddle around 20 µm making a 
clear separation between Lucia class 2 and 3 difficult and hence leads to a wide overlap in 
PoroPerm characteristics between both classes. On the other hand the study has shown that 
the directly measured crystal sizes (without preceding classification) of dolomitic samples are a 
more useful tool to define more precisely PoroPerm relationships within the study area 
(Fig. 23). Since dolomite samples with large crystal sizes show generally higher permeability 
values than samples with smaller crystal sizes (for a given porosity), generally higher 
permeabilities can be expected in Field E (with exception of G-2H1) than in Field E due to the 
fact that Field G shows overall higher crystal sizes than Field E (Fig. 24). The highest crystal 
sizes in sequence 4 were measured in the northern wells of Field E and G (i.e. G-8H1 and E-
9H2) and therefore the highest permeabilities should also be expected in this part of the 
stringer. The highest permeabilities in sequence 3 should be find in the northern part of the 
stringer (especially in the wells E-9H2 and E-5H1) but also in the southern wells G-1H1 and E-
11H3 (Fig. 24). Sequence 2 and especially the south-western part of Field G (i.e. G-1H1 and 
G-3H2) should show the highest permeabilities within the entire stringer due to the overall 
highest crystal sizes within the sequence. In contrast the overall smallest crystal sizes were 
measured in sequence 1 and hence the permeabilities should also be low (Fig. 24). 
The study further has shown that Dunham classes and their lithofacies are the main controlling 
factors for crystal size distributions. Depositional facies from core observations hence can be 
used to estimate crystal sizes and thus the permeability in previously undrilled parts of the 
wells using existing facies models. The highest crystal sizes were measured in Boundstones, 
accordingly the highest permeabilities can be expected within Boundstone facies. Grain-
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/Packstones facies should also have high, but lightly depleted permeabilities. Smaller crystal 
sizes were measured in Pack- and Wackestones facies and hence smaller permeabilities can 
be expected within facies of these both Dunham classes. Mudstones with exception of the Mcl- 
and CER-lithofacies show generally very small crystal sizes, resulting in relatively low 
permeabilities for a given porosity. 
The comparison between crystal size distribution within core-based lithofacies and BHI-based 
lithofacies demonstrates that BHI logs seem to have difficulties to recognize the Grain-
/Packstone facies correctly. Crystal sizes therefore can be estimated with some accuracy for 
BHI-based Boundstone and Pack- to Mudstone facies but not for Grain-/Packstone facies.  
Hence, the use of image log interpretations helps to increase data density and thus can 
contribute to an improved understanding of the porosity/permeability fields in the stringer. 
 
4.4 Summary – Diagenesis model in space and time 
The intra-salt stringers of the South Oman Salt Basin underwent a complex diagenetic history 
ranging from the “near-surface” and “intermediate burial” to “deep burial” diagenesis with 
different effects on PoroPerm. Near-surface diagenesis is characterised by (early) marine 
diagenesis and especially reflux cementation. Products of early marine diagenesis were 
observed in all wells of Field E and G. Typical products are: (1) micritic envelopes around 
allochems most likely formed by boring algae and/or fungi (Scholle & Scholle, 2003); (2) 
moulds within these micrite-lined allochems pointing to dissolution of the unmicritised interior 
and (3) columnar, isopachous cement coatings on the outside of allochems, within mouldic 
porosity or fractures. However, early marine cements are generally minor developed or even 
lack, e.g. in fractures, within both reference wells F-1H1 and C-7H1. Seepage reflux had most 
influence on reservoir quality during near-surface diagenesis leading generally to a so-called 
PoroPerm inversion. The refluxing brines most likely were sourced from the nearby area of E-
9H2 and E-5H1 characterised by high permeable facies (Grain-/Packstones or Boundstones) 
on the top of the stringer. Other parts of the stringer with low permeable layers on the top (e.g. 
B-1H1) were sheltered from refluxing brines from above. The refluxing brines most likely 
reached B-1H1 and in sequence 2 also the eastern part of the stringer by a lateral flow along 
high permeable facies assuming a preferred fluid flow within initially high permeable facies as 
shown by Schoenherr et al. (2009). Reflux of Mg2+-rich brines led first to replacement of the 
precursor limestones by dolomite followed by dolomite cements, whereas the dolomitised 
crystal sizes in the dolomitised limestones depend on the fabric of the initial limestones and 
hence on the depositional facies. Ongoing evaporation leads to increasing salinities of the 
seawater and refluxing brines and hence during further near-surface diagenesis to an 
increased precipitation of evaporitic minerals (gypsum, anhydrite and finally halite) within the 
remaining pore space as well as on the top of the stringer (according to Kendall, 2000). The 
spatial distribution patterns of halite and dolomite cements are comparable in contrast to 
anhydrite which filled preferentially the northern part of the stringer. The stringer became 
sealed after deposition of a ~ 30 m thick layer of rock salt on the top of the carbonate body 
which shelter the stringer from infiltration of external surface brines. This change from a 
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diagenetic ‘open’ to a diagenetic ‘closed’ system is defined as the end of near-surface 
diagenesis.  
Subsequent deposition of the overlying Ara evaporites followed by deposition of siliclastics 
belonging to the Nimr, Haima and Ghudun Group led to rapid burial of the stringer. First 
stylolites already start to form in pre-salt tectonic times when the stringers reached a burial 
depth of around 500 – 1000 m. These burial-related stylolites are therefore interpreted to be 
the first products of intermediate burial diagenesis. Passive downbuilding of the siliciclastic 
overburden led to formation of minibasins. Differential loading of minibasins reached 
thicknesses > 50-100 m caused growth of isolated salt diapirs leading the extensive 
fragmentation and deformation of the stringer, especially around the NE-SW oriented axis of 
the 1st generation minibasin in the centre of the study area and in the northwestern part of the 
stringer close to the 2nd generation minbasin. Salt tectonic-related fractures were concomitantly 
or during further diagenesis preferentially (partially) filled with anhydrite, halite but also calcite, 
which is a further important cement phase started to form within the intermediate burial realm. 
Fractures in the northern part of Field E (E-4H1, E-5H1, E-9H2 and B1H1) and in the southern 
part of stringer (A-1H1 and G-3H2) were preferentially filled with halite, whereas the fractures 
in Field G and in the northern part of Field E (E-4H1 and E-9H2) were often occluded by 
calcite. The fractures in the southern part of the 1st generation minibasin (G-1H1, E-11H3 and 
E-1H1) and in the most northern part of the stringer (F-1H1) were often also cemented with 
anhydrite. Contemporaneously salt tectonic stresses formed a further generation of stylolites 
preferentially located in the interior of the buckling folds of both fields. Anhydrite dissolution 
along the stylolites might be a source of Ca2+ ions, locally increasing the Mg/Ca ratio of the 
pore fluids and favouring the (re)precipitation of calcite and (replacive) anhydrite in the 
subsurface. Extensively calcite cementation concomitant with dedolomitisation forming an 
anhedral mosaic texture led to a nearly complete loss of intercrystalline porosity and hence to 
strongly reduced permeabilities, especially in the lower (thrombolite- and basinal facies-
dominated) sequences in the south(western) part of Field G but not in reference well F-1H1. In 
contrast to Field E & G, a phase of calcite (dedolomite) dissolution was observed at the well C-
7H1 that locally created abundant vuggy porosity. Salt tectonic-induced stylolites furthermore 
are often associated with tension gashes likely formed by different dissolution rates along the 
stylolites as well as (partially) opened stylolites likely formed during ongoing bending of the 
stringer. Both were often filled by anhydrite, calcite or halite.  
Subsequent deposition of siliclastics on the top of the Ara salt led to further burial of the 
stringer. Isotopic signals refer to dolomite recrystallisation and cementation by thermal 
decarboxylation in the burial realm. Both fields reached the oil window (95-135 °C) in mid- to 
end-salt tectonic times. Oil generation in Field G started already during onset sedimentation of 
the Amin Group (~ 520 Ma), whereas first oils in Field E were expulsed later in end 
Amin/beginning Mahwis times (~ 510 Ma). Major salt tectonic movements in Field G ceased 
when the Nimr-minibasin grounded on the sub-salt sequence during end Nimr times (~ 520 
Ma). But salt tectonic movements continued in Field E until end Mahwis times (~ 499 Ma) due 
to downbuilding of another minibasin further to the NE. The first oil in Field E hence was 
generated during salt tectonic times in contrast to Field G, where the first oil was expulsed at 
the end of salt tectonics. However, both fields reached the deep burial realm in mid- to end-salt 
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tectonic times, defined by the presence of hydrocarbons. Oil generation led next to burial-
related compaction or mineral transformations such as de-watering of gypsum to anhydrite at 
burial temperatures > 60 °C to increased pore fluid pressures within the sealed stringer. 
Contact to the siliciclastic overburden within the minibasin in end of salt tectonic-times might 
depressurised the stringer which lead to formation of bitumen originated from paleo-oil phases. 
Due to several phases of temperature decrease associated with uplift phases in the further 
burial history of the stringer it can not be excluded that further bitumen was formed by the 
process of pressure and temperature reduction in younger times. However, reservoir bitumen 
is an important cement phase of the deep burial diagenesis especially in the (south)western 
part of the stringer.  
Salt tectonic movements ceased when salt ridge rise could not keep pace with the ongoing 
massive sedimentation of the early Ordovician Ghudun Formation, but burial of the stringer 
continued until early Carboniferous time (or end of Ordovician) followed by an uplift of 
~ 1300 m. The highest temperatures within the stringer are indicated for the following burial. 
Accordingly the main oil charge can be assumed for this period ending in early Jurassic times. 
This or even the early charge in late salt tectonic times leads in Field E & G to first re-
precipitation of halite at local scale, but not a reference well F-1H1 where it postdates the 
dissolution pores in replacive anhydrite. However, since early Jurassic time the stringers 
remained at a nearly ‘constant’ depth interrupted by short phases of sedimentation & erosion, 
such as during mid Paleogene, where both fields reached their maximum burial depths. 
Stylolites formed after salt tectonic either might have formed within these phases of rapid burial 
or continuously due to bending stresses within the stringer caused by sinking of the stringer in 
post-salt tectonic times. These dissolution processes in the deep burial realm might further 
explain the continuing calcite and anhydrite cementation in this burial realm. Since breakouts 
and drilling induced fractures refer to still existing differential stresses within the present-day 
stress field of the stringer (with maximum stresses oriented radial towards the sides of the 
minbasins) consistent to the expected bending stresses, it can not be excluded that 
stylolisisation and hence calcite & anhydrite cementation is still active. The remaining porosity 
was at the end of deep burial diagenesis furthermore cemented by quartz, but it is a generally 
minor important and only locally abundant cement phase that started to form in the deep burial 
realm (exept reference well F-1H1 where it was attributed to the intermediate instead of the 
deep burial realm). Most recently porosity was formed or reopened due to (partially) dissolution 
of replacive anhydrite/anhydrite cements in Field E &G, but not in well F-1H1 (s. above). 
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The integration of thin section analyses including traditional point counting with methods such 
as cathodoluminescence microscopy, isotope-, XRD-, core- and borehole image- analyses as 
well as Finite Element models (FEM) provided a solid basis for the understanding of diagenetic 
processes in the A2C stringer interval of the SOSB and their implications for the reservoir 
properties of the stringer play. The observed relationships which are described below suggest 
a close link between carbonate facies and diagenetic products. Together with structural 
controls these define reservoir quality in the Ara stringer play. This underlines the importance 
of an integration of facies typing, petrographic screening and structural analyses for future 
exploration strategies.  
 
Key outcomes of the study include: 
 Zones of increased hydrocarbon flow (flowzones) are often characterised by 
increased vuggy porosity and larger dolomite crystal sizes. 
 Dissolution creating vuggy porosity was often interpreted to be related to the 
incursion of meteoric fluids associated with subaerial exposure along sequence 
boundaries or the near-surface burial of facies undersaturated with respect to calcite 
(Bauer & Sellar, 2004). Oxygen and carbon isotope profiles through e.g. G-4H1 do not 
support the idea of an exposure surface associated with the S3 or S2 sequence 
boundary. Well G-1H1, where the best evidence of dissolution was reported, was not 
sampled for this study. Therefore the presence of meteoric diagenesis in Field G can not 
completely ruled out. But also point counting data do not support a clear connection 
between this sequence boundary and increased vuggy porosity in the A2C of Field G in 
spite of the higher sampling resolution of this study. The lack of an indication of exposure 
in the isotope signal and the absence of increased vuggy porosity at sequence boundary 
3 hence points to dissolution in the near-surface burial. Calcite dissolution and vuggy 
porosity formation hence might be caused by reflux dolomitisation, since dolomitisation 
always requires a fluid that is oversaturated with respect to dolomite and undersaturated 
with respect to calcite. 
 Oxygen, carbon and sulphur isotope data suggest that bacterial sulphate reduction 
likely took place during near-surface diagenesis. Thermochemical sulphate reduction 
in contrast can be ruled out for Field E and Field G.  
 Dolomite crystal size and sorting of the precursor limestones are important parameters 
controlling the porosity/permeability relationship in the study area. Crystal size 
distributions could be shown to be facies dependent: Grain-/Packstones and 
Boundstones comprise the highest, Packstones to Mudstones lower crystal sizes. 
Dolomites with large crystal sizes (> 30 µm) typically show the highest permeability for a 
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given interparticle porosity. Due to the overall very-fine to fine crystal size of most 
dolomites in the study area, the traditional Lucia classification is of limited help for rock 
typing. As expected, Lucia class 1 samples comprise the highest permeability for a given 
porosity. However, most lithofacies have average crystal sizes straddling the Lucia class 
3 to 2 threshold. A classification according to Lucia therefore separates samples with 
very similar crystal sizes and hence petrophysical properties in different groups.  
 The grade of cementation from the near-surface and intermediate to the deep burial 
realm has also a large impact on reservoir properties within the studied stringer. 
Anhydrite, dolomite, halite and reservoir bitumen are the most abundant pore-filling 
cement phases. Minor phases include calcite and quartz. 
 Dolomite, anhydrite and halite are diagenetic cement phases interpreted to be of 
reflux origin. Facies distribution seems to be one important factor controlling the reflux 
cementation. Overall Grain-/Packstone and Boundstones show the highest reflux 
cementation.  
 Reflux dolomitisation is also indicated by isotopic composition of the carbonates shifted 
towards higher δ18O and lower δ13C compared to the precursor limestones. A second 
phase of dolomite cementation is in addition to this early phase indicated by negative 
δ13C and relatively depleted δ18O dolomite isotopic signals referring to recrystallisation 
and cementation influenced by thermal decarboxylation. 
 Refluxing brines might also be the source of sulphate in diagenetic anhydrite 
indicated by enriched δ34S values compared to δ34S CAS. But the relatively high δ34S 
values could also point to dissolution of sedimentary anhydrite during burial and 
reprecipitation as cement or nodules in the subsurface. 
 A later but small scale phase of halite redistribution is indicated by round oil inclusions, 
angular fragments of reservoir bitumen and reservoir bitumen-cemented dolomite 
fragments within halite cements. Because of the large scatter in the bromine values it is 
suggested that bromine values, which are often used to discriminate between primary 
‘early’ and reprecipitated ‘late’ halite cements, should only be used in combination with 
petrographic analyses.  
 Oil generation (95-135 °C) and the formation of reservoir bitumen are further 
important time markers for the deep burial diagenesis. The burial graphs indicate that first 
oil in Field E was generated during salt tectonic times in contrast to Field G, where the 
first oil was expulsed at the end of salt tectonics. Pressure and temperature reduction 
might be the most likely process leading to formation of bitumen. Overpressured 
reservoirs might be depressurised during a ‘deflation’ event in the end of salt tectonic 
times when the sealed stringer had contact to the siliciclastic overburden. But further 
bitumen formation can not be excluded during phases of temperature decrease 
associated with uplift phases in the further burial history of the stringer. 
 Calcite-dominated intervals in the study area are characterised by an almost complete 
loss of interparticle porosity and permeability. The understanding of processes 
responsible for calcite dominance therefore has important implications for the prediction 
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of reservoir properties. Previously the calcite-dominated intervals were interpreted to be 
limestones that were not replaced during reflux dolomitisation due to the wedging out of 
the dolomitising flow and/or their low permeability. This model was proposed for strongly 
cemented Boundstone facies (e.g. Bauer & Sellar, 2004) as well as for basinal 
Mudstones (Bauer & Sellar, 2004; Ruf, 2006). By a combination of cathodoluminescence 
and geochemical analyses it could be demonstrated that an alternative process is the 
replacement of dolomite by calcite in the intermediate and deep burial realm. For 
example, the calcite dominated intervals in the basinal facies of well G-8H1 do not 
consist of limestone, but of dedolomite that is associated with stylolitisation. Thrombolite 
facies are also affected by dedolomitisation in the intermediate and deep burial realm. 
Anhydrite and dolomite dissolved through pressure solution along the stylolites likely 
provided the necessary ions for the replacement of dolomite by calcite and additional 
calcite cementation. This model was derived from data of Field E and Field G but can 
also be applied for the well C-7H1, where burial dedolomitisation contributes to the 
creation of low porosity, calcite-dominated intervals.  
 Different generations of stylolites were classified within the stringer based on their 
orientation and crosscutting relationship to bedding: 1) stylolites formed by the weight of 
the overburden prior or in initial stages of salt tectonics; 2) stylolites formed by bending 
stresses either by stringer deformation during salt tectonic deformation or by deformation 
related to gravitational sinking of the stringer in post-salt tectonic times; 3) stylolites 
formed by the weight of the overburden in post-salt tectonic times. Stylolites and related 
crosscutting relationships therefore might be a useful tool to constrain the formation time 
of other diagenetic products. A clear inverse relationship between facies-dependent 
crystal size and stylolite density is indicated where small crystal sizes seem to 
promote the process of pressure solution. Furthermore, dolomite cementation (in 
Boundstones) seems to inhibit the growth of stylolites. Overall, the highest stylolite 
densities and hence the highest grade of calcite cementation can be expected in deep, 
especially fine-crystalline intervals located in the inner arc of a fold. 
 Wells located within the bulge anticline of Field G show generally higher fracture 
densities than wells located in the more smoothly folded Field E. Partly mineralized 
fractures are overall the most common fracture type within the study area followed by 
mineralized fractures and non-mineralized, present-day open fractures. Different 
cement phases were mapped within fracture porosity. Reservoir bitumen is the most 
common fracture fill within the study area followed by anhydrite and minor by 
halite/calcite, whereas dolomite is a negligible cement phase. Different types of 
fractures were recognized within the study area: (1) Extension joints (strike-parallel); (2) 
Extension joints (limb transverse); (3) Shear joints (conjugate set on bedding plane); (4) 
Shear joints (conjugate set within layer); (5) Shear joints (bed-parallel) and (6) thrusts. 
Strike-parallel extension fractures formed preferentially in the more extensive outer arc 
regions of the folds, whereas the stronger bending within the bulge anticline of Field G 
led the increased fracture densities compared to the more smoothly bended folds of Field 
E. Strike-parallel extension fractures formed by bending stresses during salt tectonic 
deformation or in early stages of gravitational sinking of the stringer were preferentially 
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filled with anhydrite or halite, whereas more recently formed fractures also caused by 
bending-stresses related to the gravitational sinking of the stringer might characterised by 
a lack of cementation or by a partially opening of already cemented fractures (= partly 
mineralized). Limb-transverse extension joints are a further fracture type within the 
study but are generally of minor importance. Shear joints forming a conjugate set on 
bedding planes were also recognized within the study area, which are more abundant 
within Field G than in Field E, probably due to the stronger deformation of the stringer 
caused by the converged halokinetic flow during passive downbuilding of both 1st 
generation minibasins. Shear joints forming a conjugate set within a layer were also 
observed within the study area, but show a surprisingly vertical distribution since most 
fractures were mapped in the central part or in the outer arc of a fold and not as expected 
in the inner arc. Bed-parallel shear joints are generally of minor importance, but most 
fractures of this type were mapped within the stronger deformed bulge anticline of Field 
G where higher folding-related motions along the bedding might be expected. 
Additionally a few thrusts were mapped in the northeastern part of the study area, 
preferentially within the lower half or minor in the central part of the stringer. 
 The presence of breakouts and drilling induced/enhanced fractures might indicate a 
present-day, most-likely non-isotropic in-situ stress field, although salt tectonics 
within the study area already ended in early Ordovician times (~ 498 Ma). The distribution 
pattern is consistent with a radial orientation around the minibasin. The vertical 
distribution of these features as well as the FEM might indicate that the present-day 
most-likely non-isotropic in-situ stress field is possibly caused by a small-scaled 
gravitational sinking of the stringers with a total vertical displacement of up to ~ 100 m 
(0.2 m/Ma). 
 Present-day horizontal oriented stylolites interpreted to be formed in post-salt tectonic 
times by the weight of the overburden were often observed on core material but lack 
within the FEM’s. This disagreement indicates that the FEM display in post-salt tectonic 
times a stress distribution which do not display the exact geological situation when using 
pressure solution creep (n=1) instead of dislocation creep (n=5) as the deformation 
mechanism in salt. Dislocation creep (n=5) as deformation mechanism would lead to a 
weaker stringer deformation and hence to smaller bedding stresses, but increased 
lithostatic stresses which would form more present-day horizontal oriented stylolites, and 
therefore dislocation creep (n=5) seems to be the more reliable deformation 
mechanism within the salt of the SOSB. 
 Predictable distribution trends are difficult to identify for most of the diagenetic 
phases. However, some statistically meaningful trends of porosity/permeability and 
diagenetic phases were observed and are summarized below: 
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Table 7: Spatial distribution trends of cement phases in matrix porosity within the studied A2C interval. 
 
A2C (entire stringer):  
 Dolomite, reservoir bitumen, halite and anhydrite are the most abundant pore filling 
phases within the A2C interval. In total 66 % of the macroporosity is occupied with 
diagenetic phases, reducing the modal porosity from 14.3 % (‘filled plus unfilled’ porosity) 
to 5 % (total open modal porosity). 
 The porosity within the Field E and Field B was strongly reduced by early reflux cements, 
i.e. dolomite and halite. The strong porosity reduction in well F-1H1 was predominantly 
cemented with dolomite and additionally with anhydrite and reservoir bitumen. 
 Interparticle porosity has a large impact on the high permeabilty values in Field D, 
whereas touching vuggy porosity dominates the permeability within well E-11H3. 
 
Sequence 5:  
 Anhydrite, reservoir bitumen and dolomite are the most abundant pore filling phases 
within sequence 5. In total 60 % of the macroporosity was filled by diagenetic phases, 
reducing the modal porosity from 10 % (‘filled plus unfilled’ porosity) to 4 % (total modal 
porosity). 
 The porosity within E-5H1 was strongly reduced by halite and dolomite cements 
interpreted to be of early reflux origin. The plugging of the initially highly porous facies led 
to a porosity inversion. 
 The permeability is strongly affected by vuggy porosity. 
 The PLT log indicates a flowzone within sequence 5 of well G-2H1 that is characterised 
by large dolomite crystal sizes and relatively high values of touching vuggy porosity.  
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Sequence 4: 
 Anhydrite, reservoir bitumen and dolomite cement are the most abundant pore filling 
phases within this sequence. In total more than 70 % of the macroporosity was filled by 
diagenetic phases, reducing the modal porosity from 14 % (‘filled plus unfilled’ porosity) 
to 4 % (total open modal porosity). 
 The porosity in the south-western part of Field G was strongly reduced by reservoir 
bitumen and anhydrite cement (G-2H1, G-3H2 and G-4H1) and dolomite and anhydrite 
cement (G-1H1). The porosity within initially highly pores facies of sequence 5 and 4 in 
E-5H1 and E-9H2 was strongly reduced by halite and dolomite cements that are 
interpreted to be of reflux origin. This might indicate that the last phase of refluxing brines 
was sourced from the northern part of Field E (according to Saller & Henderson, 1998; 
Jones & Xiao, 2005). 
 Vuggy porosity has a large impact on the permeability, whereas interparticle porosity is of 
secondary importance. The flowzone indicated by the PLT log of the well E-4H1 is 
situated above a zone of increased vuggy porosity. 
 
Sequence 3: 
 Anhydrite, reservoir bitumen and dolomite cement are the most abundant pore filling 
phases. In total 60 % of the macroporosity was filled by diagenetic phases, reducing the 
modal porosity from 15 % (‘filled plus unfilled’ porosity) to 6 % (total open modal 
porosity). Overall, the dolomite cement content observed in this sequence is higher than 
in any other sequence. 
 Reservoir bitumen preferentially filled porosity in the western part of the stringer, 
including A-1H1, F-1H1, E-9H2 and Field G, except G-2H1. Relatively high anhydrite 
cement values were counted in the wells E-5H1 and F-1H1. Dolomite and halite cements 
led to a strong porosity reduction in B-1H1. Both cement phases are interpreted to be of 
reflux origin. The refluxing brines might have infiltrated laterally from the northern part of 
Field E (E-9H2, E-5H1). 
 The highest permeability was measured for D-1H1, E-9H2 and G-4H1. Only G-4H1 is 
characterised by a high vuggy porosity. Other wells with relatively high vuggy porosity, 
such as F-1H1 and G-8H1, show relatively low permeability, possibly indicating that most 
of the vuggy porosity is isolated. 
 Based on the PLT log, two flowzones are situated within this sequence. The flowzone in 
well G-4H1 is characterised by high (touching) vuggy porosity and increased dolomite 
crystal sizes. The flowzone within the well E-9H2 is characterised by high permeability 
and helium porosity. Since the observed modal porosity in this interval is low, the high 
helium porosity possibly could be due to increased microporosity. 
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Sequence 2: 
 Anhydrite dolomite and reservoir bitumen are the most abundant pore filling phases 
within this sequence. Calcite cement has a significant local influence on porosity. All 
wells, with the exceptions of E-1H1 and D-3H1, show high (> 10 %) ‘filled plus unfilled’ 
porosity values. In total 63 % of the macroporosity was filled by diagenetic phases, 
reducing the modal porosity from 16 % (‘filled plus unfilled’ porosity) to 6 % (total open 
modal porosity). 
 Anhydrite preferentially filled the porosity in the northern part, reservoir bitumen in the 
western part and dolomite and halite cements in the eastern part of the stringer. 
 Calcite is locally an important cement phase, especially in the southern part of Field G. 
 Generally, the highest permeability values were measured in the north-eastern part of the 
stringer, which fits well with the spatial distribution of the modal porosity. 
 Flowzones within this sequence are present in the wells G-3H2, G-4H1 and E-9H2. The 
main control seems to be exerted by large dolomite crystal sizes and slightly increased 
porosity in G-3H2 and E-9H2.  
 
Sequence 1: 
 Anhydrite and reservoir bitumen are the most abundant pore filling phases within this 
sequence. Calcite cement has a significant local influence on porosity. Dolomite and 
halite cements are of minor importance. In total 93 % of the macroporosity was filled by 
diagenetic phases, reducing the modal porosity from 15 % (‘filled plus unfilled’ porosity) 
to 1 % (total modal porosity). 
 The highest anhydrite cement values occur in the wells E-4H1, G-2H1, G-3H2 and in 
Field D. Reservoir bitumen is a very abundant pore reducing phase, especially in Field G 
and in well E-5H1. Calcite cement leads to a strong porosity reduction in the south-
western part of Field G. The impact of dolomite and halite on the porosity is negligible. 
 The highest permeability values occur within the well E-4H1 and Field D. The increased 
permeability in Field D fits to relatively high (interparticle) porosity in these wells. The 
high permeability in well E-4H1 seems to be governed by high values of touching vuggy 
porosity. 
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Chapter 6: Outlook 
 
 
Petrographic observations within the studied stringer indicate several diagenetic products with 
different implications for reservoir properties. Although a few statistically meaningful 
distribution trends of cement phases were observed, understanding these trends is difficult 
although a few trends indicate a close link to carbonate facies and/or structural position. 
However, this lack in understanding the spatial distribution trends makes it hard to extrapolate 
the results into fields not analysed during this study. Nevertheless, if an extrapolation of spatial 
distribution trends is not possible, another way to estimate the reservoir quality in unexplored 
parts of the stringer is to extrapolate and adopt the diagenetic processes into these parts. But 
therefore the processes leading to cementation/replacement/dissolution has to be studied in 
more detail. 
 
Calcite-dominated intervals for example are characterised by a nearly completely loss of 
interparticle porosity and permeability. Although those intervals were sampled, the sampling 
(density) during petrographic screening of this study was not selective enough to understand 
the processes in detail. More detailed work has to be done to understand these calcite-
dominated intervals. The fact, that oil inclusions, inclusions of reservoir bitumen and relics of 
bitumen-cemented dolomite were found within these intervals might indicate a formation in the 
burial realm instead of a lack of dolomitisation. But further investigations, e.g. more selective 
CL-studies and stable isotope measurements (δ13C and δ18O) have to be done to understand 
and confirm the process of burial related dedolomitisation.  
 
Furthermore, the effect of pressure and temperature on precipitation and dissolution of mineral 
phases were nearly neglected during this study. Li and Duan (2011) calculated based on 
experimental data thermodynamic models for gypsum, anhydrite, halite and calcite which 
indicate varying solubilities at different p,T-conditions, pH-values and pore fluid chemistries 
(e.g NaCl- or CO2-content). Since p,T-history of the stringer can be estimated by using the 
burial graph models combined with FEM-models it might be useful to calculate an additional 
simple geomechanic model to estimate the role of pressure and temperature especially with 
respect to the late phase of anhydrite dissolution and halite re-precipitation, which possibly 
might be explained by burial/uplift events or other processes leading to increased pore 
pressure, e.g. hydrocarbon generation or dehydration of gypsum to anhydrite, or the deflation 
event indicated in end of salt tectonic times. 
 
Since He-porosities indicate higher porosity values than porosities derived from traditional 
point counting, which most likely results from microporosities not visible in traditional thin 
sections, but mainly thin sections were used for this thesis, the role of microporosity most likely 
was underestimated during this study. Therefore more investigations have to be done in 
microporosity analyses, e.g. by mapping the types and distribution of microporosity using a 
SEM with broad ion beam (BIB)-polisher. 
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More investigations also have to be done in fracture diagenesis and its effect on matrix 
diagenesis. A detailed BHI-fracture mapping combined with core data, i.e. fracture fill and 
crosscutting relationships, is recommended to get a better understanding on the different 
fracture sets and their preferred cementation. If different preferred cement phases can be 
observed for different fracture sets and these fracture sets additionally can be linked to the 
stringer deformation, the fracture sets can be used as time markers which are helpful to infer 
the timing of cementation more precisely. A detailed core-log tie furthermore contributes to 
answer the question if fractures act as fluid pathways possibly leading to increased matrix 
cementation around/within fractured intervals which might be helpful to understand spatial 
distribution patterns of matrix cements not understood until now. In this context, furthermore, 
the halo of cementation around fractured intervals should be determined. 
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8.1 Illustrations 
 
 
8.1.1 Vertical distribution trends 
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8.1.1.1 XRD & isotopes 
 
Figure 90: Downhole Plot – XRD measurements, isotope measurements & bromine content (A2C 
interval within the well E-4H1). 
 
 
 
Chapter 8: Appendix 
 
 
 225
 
Figure 91: Downhole Plot – XRD measurements, isotope measurements & bromine content (A2C 
interval of the well E-5H1). 
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Figure 92: Downhole Plot – XRD measurements, isotope measurements & bromine content (A2C 
interval within the well E-9H2). 
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Figure 93: Downhole Plot – XRD measurements, isotope measurements & bromine content (A2C 
interval within the well E-11H3). 
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Figure 94: Downhole Plot – XRD measurements, isotope measurements & bromine content (A2C 
interval within the G- 2H1). 
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Figure 95: Downhole Plot – XRD measurements, isotope measurements & bromine content (A2C 
interval within the well G-3H2). 
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Figure 96: Downhole Plot – XRD measurements, isotope measurements & bromine content (A2C 
interval within the well G-4H1). 
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Figure 97: Downhole Plot – XRD measurements, isotope measurements & bromine content (A2C 
interval within the well G-8H1). 
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Figure 98: Downhole Plot – XRD measurements, isotope measurements & bromine content (A2C 
interval within the well F-1H1). 
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Figure 99: Downhole Plot – XRD measurements, isotope measurements & bromine content (A2C 
interval within the well C-7H1). 
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8.1.1.2 Modal data, crystal sizes, BHI-fractures and their effect 
on PoroPerm and PLT 
 
Figure 100: Downhole Plot – Modal data, crystal sizes, BHI-fractures and effect on PoroPerm & PLT 
(A2C interval within the well E-4H1). 
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Figure 101: Downhole Plot – Modal data, crystal sizes, BHI-fractures and effect on PoroPerm & PLT 
(A2C interval within the well E-5H1). 
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Figure 102: Downhole Plot – Modal data, crystal sizes, BHI-fractures and effect on PoroPerm & PLT 
(A2C interval within the well E-9H2). 
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Figure 103: Downhole Plot – Modal data, crystal sizes, BHI-fractures and effect on PoroPerm & PLT 
(A2C interval within the well E-11H3). 
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Figure 104: Downhole Plot – Modal data, crystal sizes, BHI-fractures and effect on PoroPerm & PLT 
(A2C interval within the well G-1H1). 
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Figure 105: Downhole Plot – Modal data, crystal sizes, BHI-fractures and effect on PoroPerm & PLT 
(A2C interval within the well G-2H1). 
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Figure 106: Downhole Plot – Modal data, crystal sizes, BHI-fractures and effect on PoroPerm & PLT 
(A2C interval within the well G-3H2). 
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Figure 107: Downhole Plot – Modal data, crystal sizes, BHI-fractures and effect on PoroPerm & PLT 
(A2C interval within the well G-4H1). 
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Figure 108: Downhole Plot – Modal data, crystal sizes, BHI-fractures and effect on PoroPerm & PLT 
(A2C interval within the well G-8H1). 
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Figure 109: Downhole Plot – Modal data, crystal sizes, BHI-fractures and effect on PoroPerm & PLT 
(A2C interval within the well F-1H1). 
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Figure 110: Downhole Plot – Modal data, crystal sizes, BHI-fractures and effect on PoroPerm & PLT 
(A2C interval within the well C-7H1). 
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8.1.1.3 Cement phases, porosities, crystal sizes and Lucia 
classes (Boxplots) 
 
Figure 111: Boxplots - Cement phases, porosities, crystal sizes and Lucia classes (A2C interval within 
the well E-4H1). 
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Figure 112: Boxplots - Cement phases, porosities, crystal sizes and Lucia classes (A2C interval within 
the well E-5H1). 
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Figure 113: Boxplots - Cement phases, porosities, crystal sizes and Lucia classes (A2C interval within 
the well E-9H2). 
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Figure 114: Boxplots - Cement phases, porosities, crystal sizes and Lucia classes (A2C interval within 
the well E-11H3). 
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Figure 115: Boxplots - Cement phases, porosities, crystal sizes and Lucia classes (A2C interval within 
the well G-1H1). 
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Figure 116: Boxplots - Cement phases, porosities, crystal sizes and Lucia classes (A2C interval within 
the well G-2H1). 
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Figure 117: Boxplots - Cement phases, porosities, crystal sizes and Lucia classes (A2C interval within 
the well G-3H2). 
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Figure 118: Boxplots - Cement phases, porosities, crystal sizes and Lucia classes (A2C interval within 
the well G-4H1). 
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Figure 119: Boxplots - Cement phases, porosities, crystal sizes and Lucia classes (A2C interval within 
the well G-8H1). 
 
 
 
Chapter 8: Appendix 
 
 
 254
 
Figure 120: Boxplots - Cement phases, porosities, crystal sizes and Lucia classes (A2C interval within 
the well F-1H1). 
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Figure 121: Boxplots - Cement phases, porosities, crystal sizes and Lucia classes (A2C interval within 
the well C-7H1). 
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8.1.1.4 Well correlations of cement phases and porosities 
 
Figure 122: Field E – well correlation of cement phases and porosities (A2C). 
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Figure 123: Field G – well correlation of cement phases and porosities (A2C). 
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Figure 124: Cement phases and porosities within the wells C-7H1 and F-1H1 (A2C). 
 
 
 
Chapter 8: Appendix 
 
 
 259
8.1.1.5 Well correlations of crystal sizes & Lucia classes 
 
Figure 125: Field E – well correlation of crystal sizes and Lucia class distributions (A2C interval). 
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Figure 126: Field G – well correlation of crystal sizes and Lucia class distributions (A2C interval). 
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8.1.1.6 Fracture Types 
 
Figure 127: Vertical distribution of the different fracture types (only mineralized BHI-fractures) within the 
wells of Field E. The structural position of the wells is indicated on the cross sections shown on the 
right. Legends of the lithofacies and lithofacies association signatures can be found in chapter 8.1.1.1. 
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Figure 128: Vertical distribution of the different fracture types (only partly mineralized BHI-fractures) 
within the wells of Field E. The structural position of the wells is indicated on the cross sections shown 
on the right. Legends of the lithofacies and lithofacies association signatures can be found in 
chapter 8.1.1.1. 
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Figure 129: Vertical distribution of the different fracture types (only non-mineralized BHI-fractures) 
within the wells of Field E. The structural position of the wells is indicated on the cross sections shown 
on the right. Legends of the lithofacies and lithofacies association signatures can be found in 
chapter 8.1.1.1. 
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Figure 130: Vertical distribution of the different fracture types (only mineralized BHI-fractures) within the 
wells of Field G. The structural position of the wells is indicated on the cross sections shown on the 
right. Legends of the lithofacies and lithofacies association signatures can be found in chapter 8.1.1.1. 
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Figure 131: Vertical distribution of the different fracture types (only partly mineralized BHI-fractures) 
within the wells of Field G. The structural position of the wells is indicated on the cross sections shown 
on the right. Legends of the lithofacies and lithofacies association signatures can be found in 
chapter 8.1.1.1. 
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Figure 132: Vertical distribution of the different fracture types (only non-mineralized BHI-fractures) 
within the wells of Field G. The structural position of the wells is indicated on the cross sections shown 
on the right. Legends of the lithofacies and lithofacies association signatures can be found in 
chapter 8.1.1.1. 
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Figure 133: Vertical distribution of the different fracture types (all BHI-fractures) and their fracture fill 
within the well B-1H1. The structural position of the well is indicated on the cross section shown on the 
right. Legends of the lithofacies and lithofacies association signatures can be found in chapter 8.1.1.1. 
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8.1.1.7 Fracture Fill 
 
Figure 134: Vertical distribution of the core description- based fracture fills within the wells of Field E. 
The structural position of the wells is indicated on the cross sections shown on the right. Legends of 
the lithofacies and lithofacies association signatures can be found in chapter 8.1.1.1. 
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Figure 135: Vertical distribution of the core description- based fracture fills within the wells of Field G. 
The structural position of the wells is indicated on the cross sections shown on the right. Legends of 
the lithofacies and lithofacies association signatures can be found in chapter 8.1.1.1. 
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8.1.1.8 Stylolites 
 
Figure 136: Vertical distribution of different stylolite generations within the well E-1H1, plotted against 
the depth together with the grade of calcification, the lithofacies (association) and the dominating 
rocktype. The structural position of the well is indicated within the cross section shown in the lower 
right corner of the figure. 
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Figure 137: Vertical distribution of different stylolite generations within the well E-4H1, plotted against 
the depth together with the grade of calcification, the lithofacies (association) and the dominating 
rocktype. The structural position of the well is indicated within the cross section shown in the lower 
right corner of the figure. 
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Figure 138: Vertical distribution of different stylolite generations within the well E-5H1, plotted against 
the depth together with the grade of calcification, the lithofacies (association) and the dominating 
rocktype. The structural position of the well is indicated within the cross section shown in the lower 
right corner of the figure. 
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Figure 139: Vertical distribution of different stylolite generations within the well E-6H2, plotted against 
the depth together with the grade of calcification, the lithofacies (association) and the dominating 
rocktype. The structural position of the well is indicated within the cross section shown in the lower 
right corner of the figure. 
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Figure 140: Vertical distribution of different stylolite generations within the well E-9H2, plotted against 
the depth together with the grade of calcification, the lithofacies (association) and the dominating 
rocktype. The structural position of the well is indicated within the cross section shown in the lower 
right corner of the figure. 
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Figure 141: Vertical distribution of different stylolite generations within the well E-11H3, plotted against 
the depth together with the grade of calcification, the lithofacies (association) and the dominating 
rocktype. The structural position of the well is indicated within the cross section shown in the lower 
right corner of the figure. 
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Figure 142: Vertical distribution of different stylolite generations within the well G-1H1, plotted against 
the depth together with the grade of calcification, the lithofacies (association) and the dominating 
rocktype. The structural position of the well is indicated within the cross section shown in the lower 
right corner of the figure. 
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Figure 143: Vertical distribution of different stylolite generations within the well G-2H1, plotted against 
the depth together with the grade of calcification, the lithofacies (association) and the dominating 
rocktype. The structural position of the well is indicated within the cross section shown in the lower 
right corner of the figure. 
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Figure 144: Vertical distribution of different stylolite generations within the well G-3H2, plotted against 
the depth together with the grade of calcification, the lithofacies (association) and the dominating 
rocktype. The structural position of the well is indicated within the cross section shown in the lower 
right corner of the figure. 
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Figure 145: Vertical distribution of different stylolite generations within the well G-4H1, plotted against 
the depth together with the grade of calcification, the lithofacies (association) and the dominating 
rocktype. The structural position of the well is indicated within the cross section shown in the lower 
right corner of the figure. 
 
 
 
Chapter 8: Appendix 
 
 
 280
 
Figure 146: Vertical distribution of different stylolite generations within the well G-8H1, plotted against 
the depth together with the grade of calcification, the lithofacies (association) and the dominating 
rocktype. The structural position of the well is indicated within the cross section shown in the lower 
right corner of the figure. 
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8.1.2 Crystal Sizes and Lucia pie charts 
8.1.2.1 Crystal sizes (Boxplots) 
 
Figure 147: Dolomite crystal sizes of the A2C interval within the wells E-4H1, E-5H1, E-9H2, E-11H3, 
G-1H1, G-2H1, G-3H2, G-4H1 and G-8H1 (core-based Dunham classes). 
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Figure 148: Dolomite crystal sizes of the A2C interval within Field E & G, Field E, Field G and both 
extrapolation wells F-1H1 and C-7H1 (core-based Dunham classes). 
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Figure 149: Dolomite crystal sizes of the A2C interval within the wells E-4H1, E-5H1, E-9H2, E-11H3, 
G-1H1, G-2H1, G-3H2, G-4H1 and G-8H1 (core-based lithofacies). 
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Figure 150: Dolomite crystal sizes of the A2C interval within Field E & G, Field E, Field G and both 
extrapolation wells F-1H1 and C-7H1 (core-based lithofacies). 
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Figure 151: Calcite crystal sizes of the A2C interval within the wells E-4H1, E-5H1, E-9H2, E-11H3, G-
1H1, G-2H1, G-3H2, G-4H1 and G-8H1 (core-based Dunham classes). 
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Figure 152: Calcite crystal sizes of the A2C interval within Field E & G, Field E, Field G and both 
extrapolation wells F-1H1 and C-7H1 (core-based Dunham classes).  
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Figure 153: Calcite crystal sizes of the A2C interval within the wells E-4H1, E-5H1, E-9H2, E-11H3, G-
1H1, G-2H1, G-3H2, G-4H1 and G-8H1 (core-based lithofacies). 
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Figure 154: Calcite crystal sizes of the A2C interval within Field E & G, Field E, Field G and both 
extrapolation wells F-1H1 and C-7H1 (core-based lithofacies).  
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Figure 155: Dolomite crystal sizes of the A2C interval within the wells E-4H1, E-5H1, E-9H2, E-11H3, 
G-1H1, G-2H1, G-3H2, G-4H1 and G-8H1 (BHI-based Dunham classes). 
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Figure 156: Dolomite crystal sizes of the A2C interval within Field E & G, Field E, Field G and both 
extraplolation wells F-1H1 and C-7H1 (BHI-based Dunham classes). 
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Figure 157: Calcite crystal sizes of the A2C interval within the wells E-4H1, E-5H1, E-9H2, E-11H3, G-
1H1, G-2H1, G-3H2, G-4H1 and G-8H1 (BHI-based Dunham classes). 
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Figure 158: Calcite crystal sizes of the A2C interval within Field E & G, Field E, Field G and both 
extraplolation wells F-1H1 and C-7H1 (BHI-based Dunham classes). 
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8.1.2.2 Lucia pie charts 
 
Figure 159: Distribution of Lucia classes within core-based Dunham classes (dolomites of the A2C 
interval). 
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Figure 160: Distribution of Lucia classes within core-based Dunham classes (calcites of the A2C 
interval). 
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Figure 161: Distribution of Lucia classes within core-based Boundstones and their lithofacies (dolomites 
of the A2C interval). 
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Figure 162: Distribution of Lucia classes within core-based Grain-/Packstones, Packstones and 
Wackestones and their lithofacies (dolomites of the A2C interval). 
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Figure 163: Distribution of Lucia classes within core-based Mudstones and their lithofacies (dolomites of 
the A2C interval). 
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Figure 164: Distribution of Lucia classes within core-based Breccias and their lithofacies (dolomites of 
the A2C interval). 
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Figure 165: Distribution of Lucia classes within core-based Boundstones and their lithofacies (calcites of 
the A2C interval). 
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Figure 166: Distribution of Lucia classes within core-based Grain-/Packstones, Packstones and 
Wackestones and their lithofacies (calcites of the A2C interval). 
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Figure 167: Distribution of Lucia classes within core-based Mudstones and their lithofacies (calcites of 
the A2C interval). 
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Figure 168: Distribution of Lucia classes within core-based Breccias and their lithofacies (calcites of the 
A2C interval). 
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Figure 169: Distribution of Lucia classes within BHI-based Dunham classes (dolomites of the A2C 
interval). 
 
 
Figure 170: Distribution of Lucia classes within BHI-based Dunham classes (calcites of the A2C 
interval). 
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8.1.3 Cathodoluminescence photographs 
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Figures 171-174: Cathodoluminescence images of selected samples from the A2C interval. The 
photographs within one column show all the same section, but the pictures in the first row were taken 
with plain-polarized light (ppl) and in the second row with cross-polarized light (xpl). The 
cathodoluminescence images are shown in the third row. 
1) G-8H1 (4951.33 m): Zonated, but idiomorphic grown dolomite cements in a fenestral pore. [Bml 
(p), 100x] 
2) E-9H2 (4721.45 m): Zonated, idiomorphic grown dolomite cement in a vuggy pore. [Bml, 100x] 
3) E-9H2 (4722.71 m): Zonated dolomite cements in a vuggy pore. [Bml, 40x] 
4) G-4H1 (5014.23 m): Dolomitised thrombolite (dark brown-coloured) with dolomite cements (light 
brown-coloured). [Brp, Ppst*, 40x] 
6) E-4H1 (4820.79 m): Dolomite-cemented fluid pathway within a dolostone. [Bthm, 40x] 
6) G-4H1 (4991.30 m): Lightly zonated dedolomites (darkred-coloured) with calcite-cemented 
intercrystalline and vuggy pores (orange-coloured). [Bthm, 40x] 
7) E-4H1 (4803.21 m): Idiomorphic dolomite cements rhombs (blue-coloured), surrounded by a 
thin seam of dolomite cement (lightred-coloured). The remaining porosity was afterwards 
cemented by anhydrite (black-coloured area in the centre of the picture) and calcite 
(darkredcoloured). [Ppst, Ppm*, 40x] 
8) E-4H1 (4803.21 m): Magnification of picture 7. Idiomorphic dolomite cements rhombs 
(bluecoloured), surrounded by a thin seam of dolomite cement (lightred-coloured). The 
remaining porosity was afterwards cemented by anhydrite (black-coloured area in the lower right 
part of the picture) and calcite (darkred-coloured). [Ppst, Ppm*, 100x] 
9) E-9H2 (4752.63 m): Zonated calcite cements (lightred-coloured) within a dedolomite (darkred-
coloured with light-red dots inside). [Mfl, Mcl*, 40x] 
10) E-9H2 (4752.63 m): Zonated calcite cements (lightred-coloured) within a dedolomite (darkred-
coloured with light-red dots inside). [Mfl, Mcl*, 40x] 
11) G-3H2 (5002.76 m): Zonated, idiomorphic grown quartz cement within a fenestral pore. [Bthm, 
40x] 
12) E-4H1 (4803.21 m): A fracture, which was partially filled with calcite cement (darkredcoloured) 
and halite cement (blue-coloured). [Ppst, Ppm*, 100x] 
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8.1.4 Burial history models 
 
Figure 175: All burial and temperature history scenarios of the A2C interval within the well E-1H1. 
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Table 8: Input data used for burial graph modelling of the well E-1H1 (all scenarios). 
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Figure 176: All burial and temperature history scenarios of the A2C interval within the well E-1H2. 
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Table 9: Input data used for burial graph modelling of the well E-1H2 (all scenarios). 
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Figure 177: All burial and temperature history scenarios of the A2C interval within the well E-3H1. 
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Table 10: Input data used for burial graph modelling of the well E-3H1 (all scenarios). 
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Figure 178: All burial and temperature history scenarios of the A2C interval within the well E-4H1. 
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Table 11: Input data used for burial graph modelling of the well E-4H1 (all scenarios).
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Figure 179: All burial and temperature history scenarios of the A2C interval within the well E-5H1. 
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Table 12: Input data used for burial graph modelling of the well E-5H1 (all scenarios).
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Figure 180: All burial and temperature history scenarios of the A2C interval within the well E-9H2. 
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Table 13: Input data used for burial graph modelling of the well E-9H2 (all scenarios). 
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Figure 181: All burial and temperature history scenarios of the A2C interval within the well E-10H2. 
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Table 14: Input data used for burial graph modelling of the well E-10H2 (all scenarios). 
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Figure 182: All burial and temperature history scenarios of the A2C interval within the well E-11H3. 
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Table 15: Input data used for burial graph modelling of the well E-11H3 (all scenarios). 
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Figure 183: All burial and temperature history scenarios of the A2C interval within the well G-2H1. 
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Table 16: Input data used for burial graph modelling of the well G-2H1 (all scenarios). 
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Figure 184: All burial and temperature history scenarios of the A2C interval within the well G-3H2. 
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Table 17: Input data used for burial graph modelling of the well G-3H2 (all scenarios). 
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Figure 185: All burial and temperature history scenarios of the A2C interval within the well G-4H1. 
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Table 18: Input data used for burial graph modelling of the well G-4H1 (all scenarios). 
 
 
 
Chapter 8: Appendix 
 
 
 331
 
Figure 186: All burial and temperature history scenarios of the A2C interval within the well G-8H1. 
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Table 19: Input data used for burial graph modelling of the well G-8H1 (all scenarios). 
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Figure 187: All burial and temperature history scenarios of the A2C interval within the well G-9H1. 
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Table 20: Input data used for burial graph modelling of the well G-9H1 (all scenarios). 
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Figure 188: All burial and temperature history scenarios of A2C interval within the well G-10H2. 
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Table 21: Input data used for burial graph modelling of the well G-10H2 (all scenarios). 
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Figure 189: All burial and temperature history scenarios of the A2C interval within the well G-11H2. 
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Table 22: Input data used for burial graph modelling of the well G-11H2 (all scenarios). 
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Figure 190: All burial and temperature history scenarios of the A2C interval within the well G-12H1. 
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Table 23: Input data used for burial graph modelling of the well G-12H1 (all scenarios). 
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Figure 191: All burial and temperature history scenarios of the A2C interval within the well G-12H2. 
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Table 24: Input data used for burial graph modelling of the well G-12H2 (all scenarios). 
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Figure 192: All burial and temperature history scenarios of the A2C interval within the well G-13H2. 
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Table 25: Input data used for burial graph modelling of the well G-13H2 (all scenarios). 
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Figure 193: All burial and temperature history scenarios of the A2C interval within the well G-14H1. 
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Table 26: Input data used for burial graph modelling of the well G-14H1 (all scenarios). 
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Figure 194: All burial and temperature history scenarios of the A2C interval within the well G-15H1. 
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Table 27: Input data used for burial graph modelling of the well G-15H1 (all scenarios). 
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Figure 195: All burial and temperature history scenarios of the A2C interval within the well G-16H2. 
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Table 28: Input data used for burial graph modelling of the well G-16H2 (all scenarios). 
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8.2 Tables 
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8.2.1 X-ray diffraction 
 
Table 29: X-ray diffraction analysis (E-4H1). 
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Table 30: X-ray diffraction analysis (E-5H1). 
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Table 31: X-ray diffraction analysis (E-9H2). 
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Table 32: X-ray diffraction analysis (E-11H3). 
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Table 33: X-ray diffraction analysis (G-2H1). 
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Table 34: X-ray diffraction analysis (G-3H2). 
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Table 35: X-ray diffraction analysis (G-4H1). 
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Table 36: X-ray diffraction analysis (G-8H1). 
 
 
 
Chapter 8: Appendix 
 
 
 360
 
Table 37: X-ray diffraction analysis (F-1H1). 
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Table 38: X-ray diffraction analysis (C-7H1). 
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8.2.2 Isotope measurements 
 
Table 39: Isotope measurements 13C and 18O measured on dolomites. 
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Table 40: Isotope measurements 13C and 18O measured on dolomites. 
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Table 41: Isotope measurements 13C and 18O measured on dolomites. 
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Table 42: Isotope measurements 13C and 18O measured on calcites. 
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Table 43: Isotope measurements 34S measured on anhydrites. 
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Table 44: Isotope measurements 34S measured on anhydrites. 
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8.2.3 Bromine content in halite 
 
Table 45: Bromine content measured on halite cements. 
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8.2.4 Bitumen reflectance 
 
Table 46: Bitumen reflectance measurements of the A2C interval and maximum burial temperatures 
calculated from these. 
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Figure 196: Histograms showing the distribution of bitumen reflectance measurements fitted with a 
normalised Gaussian distribution curve (red line). 
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Figure 197: Histograms showing the distribution of bitumen reflectance measurements fitted with a 
normalised Gaussian distribution curve (red line). 
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Figure 198: Histograms showing the distribution of bitumen reflectance measurements fitted with a 
normalised Gaussian distribution curve (red line). 
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Figure 199: Histograms showing the distribution of bitumen reflectance measurements fitted with a 
normalised Gaussian distribution curve (red line). 
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8.2.5 Modal analyses 
 
Table 47: Modal analysis (E-4H1). 
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Table 48: Modal analysis (E-4H1). 
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Table 49: Modal analysis (E-5H1). 
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Table 50: Modal analysis (E-5H1). 
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Table 51: Modal analysis (E-9H2). 
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Table 52: Modal analysis (E-9H2). 
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Table 53: Modal analysis (E-9H2). 
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Table 54: Modal analysis (E-11H3). 
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Table 55: Modal analysis (G-2H1). 
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Table 56: Modal analysis (G-2H1). 
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Table 57: Modal analysis (G-2H1). 
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Table 58: Modal analysis (G-3H2). 
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Table 59: Modal analysis (G-3H2). 
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Table 60: Modal analysis (G-3H2). 
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Table 61: Modal analysis (G-4H1). 
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Table 62: Modal analysis (G-4H1). 
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Table 63: Modal analysis (G-8H1). 
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Table 64: Modal analysis (G-8H1). 
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Table 65: Modal analysis (F-1H1). 
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Table 66: Modal analysis (F-1H1). 
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Table 67: Modal analysis (C-7H1). 
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Table 68: Modal analysis (C-7H1). 
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Table 69: Modal analysis (C-7H1). 
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8.2.6 Crystal size measurements 
 
Table 70: Crystal size measurements (E-4H1, BAAL samples). 
 
 
Table 71: Crystal size measurements (E-4H1, RWTH samples). 
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Table 72: Crystal size measurements (E-5H1, BAAL samples). 
 
 
Table 73: Crystal size measurements (E-5H1, RWTH samples). 
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Table 74: Crystal size measurements (E-9H2, BAAL samples). 
 
 
Table 75: Crystal size measurements (E-9H2, RWTH samples). 
 
 
 
Chapter 8: Appendix 
 
 
 400
 
Table 76: Crystal size measurements (E-11H3, BAAL samples). 
 
 
Table 77: Crystal size measurements (E-11H3, RWTH samples). 
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Table 78: Crystal size measurements (G-1H1, BAAL samples). 
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Table 79: Crystal size measurements (G-2H1, RWTH samples). 
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Table 80: Crystal size measurements (G-3H2, RWTH samples). 
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Table 81: Crystal size measurements (G-4H1, RWTH samples). 
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Table 82: Crystal size measurements (G-8H1, BAAL samples). 
 
 
Table 83: Crystal size measurements (G-8H1, RWTH samples). 
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Table 84: Crystal size measurements (F-1H1, RWTH samples). 
 
 
 
 
Table 85: Crystal size measurements (C-7H1, RWTH samples). 
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8.2.7 Spatial distribution maps 
 
Table 86: Modal cement phases, cement phases in “filled plus unfilled porosity”, porosities and 
permeability per well (within the entire A2C interval). 
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Table 87: Modal cement phases per well and sequence (A2C). 
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Table 88: Cement phases in “filled plus unfilled porosity” (per well and sequence, A2C). 
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Table 89: Porosities and permeability per well and sequence (A2C).
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8.3 Thin section database 
 
 
 
 
 
 
This chapter (pages 411-788) is only available 
as a digital version within the attached appendix. 
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